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ABSTRACT 


The  problem  of  this  thesis  was  to  investigate  the  influence 
of  strain  on  the  shear  strength  parameters  of  calcium,  magnesium, 
potassium  and  sodium  modifications  of  a  normally  consolidated,  remould¬ 
ed,  lacustrine  clay  using  the  CFS  (Cohesion-Frict ion-Strain)  triaxial 
test  technique.  Three  tests  at  consolidation  pressures  of  2,  4  and 
6  kg/cmr  were  performed  on  each  modification  and  on  the  natural  soil. 

For  the  soils  of  this  program  cohesion  was  shown  to  peak 
at  relatively  low  strains,  to  be  a  function  of  consolidation  pressure, 
and  to  be  relatively  unaffected  by  the  physico-chemical  characteristics 
of  the  system.  It  was  postulated  that  the  peak  cohesion  is  a  measure 
of  the  net  repulsive  forces  that  arise  due  to  the  external  confining 
pressure  and  that  it  may  be  considered  to  reflect  the  inertia  of  the 
system  to  imposed  shear  strains. 

Mobilized  frictional  resistance  was  shown  to  reach  its  maximum 
value  at  relatively  large  strains,  to  be  related  to  the  type  of  ad¬ 
sorbed  cation,  and  to  be  relatively  unaffected  by  the  consolidation 
pressure.  It  was  postulated  that  the  mobilized  frictional  resistance 
is  a  manifestation  of  interparticle  interference  and  the  reorganiza¬ 
tion  of  electrostatic  forces.  This  postulate  appeared  to  allow  a 
continuity  of  strength  concepts  through  "pure"  sand  to  "pure"  cohesive 
soil.  It  is  suggested  that  the  nature  of  frictional  resistance  of  a 
soil  is  primarily  determined  by  the  type  of  diffuse  double  layers  present 
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and  that  these  layers  are  thin  for  high  angles  of  internal  friction 
(K  -  18.6°,  Mg  -  13.6°,  Rem.  -  13.4°,  Ca  -  12.0°)  and  thick  for  low 
angles  (Na  -  2.3°).  These  angles  are  only  applicable  to  the  soil 
of  this  program  and  the  CFS  test  technique. 

It  is  concluded  that  the  defined  cohesion  and  friction  com¬ 
ponents  are  so  closely  interrelated  that  the  definition  of  two  separate 
components  is  unrealistic  from  a  practical  viewpoint.  The  CFS  test 
shear  strength  components  do,  however,  appear  to  be  mechanically  in¬ 
dependent  and  thus  are  useful  in  research. 

It  is  recommended  that  future  research  investigate  the  relation 
of  cohesion  and  friction  to  plasticity  characteristics  and  the  strength 
components  of  over  consolidated  soils  using  the  CFS  test  technique. 
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GLOSSARY  OF  TERMS  AND  SYMBOLS 


TERMS 


Adsorbed  Water  -*Water  in  a  soil  mass,  held  by  physico-chemical  forces, 
having  physical  properties  substantially  different  f, om 
adsorbed  water,  or  chemically  combined  water,  at  the  same 
temperature  and  pressure. 

Absorbed  Water  -''Water  held  mechanically  in  a  soil  mass  and  having 
physical  properties  not  substantially  different  from 
ordinary  water  at  the  same  temperature  and  pressure  (Pore 
Water) . 

Angle  of  Obliquity  -  '"The  angle  between  the  direction  of  the  resultant 
stress  or  force  acting  on  a  given  plane  and  the  normal  to 
that  plane. 

Bonding  Energies  -  Energies  that  are  capable  of  bonding  charged 
elements  to  a  particle. 

CEC  -  Cation  Exchange  Capacity  -  the  quantity  of  cations  adsorbed  by 
the  clay  mineral  in  me/100  gms  a.d.s.  as  determined  by  the 
titration  procedure. 

CFS  -  Cohesion  -  Friction  -  Strain  -  used  in  this  thesis  in  reference 
to  the  triaxial  test  technique  employed. 

Deviator  Stress  -’’'The  difference  between  the  major  and  minor  principal 
stresses  in  a  triaxial  test. 

Double  Layer  -  The  double  layer  is  composed  of  an  internal  monolayer 
and  an  outer  diffuse  layer. 

Effective  Stress  -“The  average  normal  force  per  unit  area  transmitted 
from  "grain"  to  "grain"  of  a  soil  mass.  It  is  the  stress 
that  is  effective  in  mobilizing  internal  friction. 

Homionic  -  When  all  the  exchange  positions  of  a  clay  mineral  are 
occupied  by  one  type  of  cation. 

Macroscopic  -  Visible  to  the  naked  eye. 

Major  Principal  Stress  -*The  largest  (with  regard  to  sign)  principal 
stress . 
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X 


me/100  gms  .  a  . d . s .  -  Milliequivalents  per  100  grams  of  air  dried  soil. 

A  milliequivalent  is  the  amount  of  a  reagent  required  to 
combine  and  react  with  l/1000th  of  an  atomic  weight  of 
hydrogen . 

Minor  Principal  Stress  -'The  smallest  (with  regard  to  sign)  principal 
stress  . 

Normally  Consolidated  Soil  Deposit  -* *A  soil  deposit  that  has  never 
been  subjected  to  an  effective  pressure  greater  than  the 
existing  overburden  pressure  and  that  is  also  completely 
consolidated  by  the  existing  overburden  pressure. 

Over consolidated  Soil  Deposit  -  "A  soil  deposit  that  has  been  subjected 
to  an  effective  pressure  greater  than  the  present  overburden 
pressure . 

Polar izabi lity  -  The  ability  to  deform  charges  from  spherical  symmetry 
to  give  rise  to  polar  action. 

Pore  Water  -  All  the  free  water  in  the  clay-water  system;  i.e.,  ex¬ 
cludes  adsorbed  water.  (Absorbed  water). 

Salt  Content  -  The  concentration  of  salts  in  the  pore  water  expressed 
in  me/100  gms .  a.d.s.  Taken  as  being  equal  to  the  numerical 
difference  between  total  cations  present  and  the  CEC . 

Shear  Strength  -vThe  maximum  resistance  of  a  soil  to  shearing  stresses. 

JL. 

Shear  Stress  -'  The  stress  component  tangential  to  a  given  plane. 

2 

Specific  Surface  -  Area  of  a  material  per  unit  mass,  e.g.,  cm  /gm. 

Strain  -vThe  change  in  length  per  unit  of  length  in  a  given  direction. 

Total  Cations  Present  -  The  total  quantity  of  cations  in  me/100  gms. 

a.d.s.  as  determined  by  the  flame  photometer  and  includes 
both  those  cations  adsorbed  and  those  present  in  the  pore 
water . 

Zeta  Potential  -  The  difference  between  the  potential  of  the  immovable 

layer  attached  to  the  surface  of  the  solid  phase  and  the 
potential  of  the  free  water. 

*  "Glossary  of  Terms  and  Definitions  in  Soil  Mechanics",  ASCE  Proceedings, 
Soil  Mechanics  and  Foundations  Division,  SM4,  October  1958. 
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SYMBOLS 

A  Electrical  attraction  between  particles 

C'  Effective  cohesion  (Mohr -Coulomb  failure  criterion) 

Ce  Effective  cohesion  (Coulomb-Hvor s lev  failure  criterion) 

Ce  Cohesion  at  strain  e  (CFS  test  definition  on  page  11) 

e  Void  ratio 

Gs  Specific  gravity  of  soil  mass;  includes  all  salts  present 

R  Electrical  repulsion  between  particles 

t9Q  Time  required  to  reach  theoretical  907,  consolidation  as  determined 
by  the  graphical  construction  from  the  square  root  of  time  fitting 
method . 

t 100  Time  required  to  reach  theoretical  1007,  consolidation  as 

determined  by  the  graphical  construction  from  the  logarithm 
of  time  fitting  method 
u  Pore  Water  Pressure 

^  Angle  of  Mohr  failure  envelope  from  Mohr -Coulomb  analysis  of 

CFS  test  data  when  G  0 

O ^  Total  major  principal  stress 

G ^  Effective  major  principal  stress 

0 3  Total  minor  principal  stress 

(J  3  Effective  minor  principal  stress 

G d  =  G-,  -  O'  ^  Deviator  stress 

Gf  Total  stress  normal  to  failure  surface 

Gp  Effective  prestress  or  preconsolidation  pressure 

(Kr ey-Tiedemann  analysis) 


T  £  Shear  stress  at  failure 

0'  Effective  angle  of  internal  friction  (Mohr -Coulomb  failure 
criterion) 

0c,  0rAngles  of  shear  strength  (Kr ey-Ti edema nn  analysis) 

0£  Effective  angle  of  internal  friction  (Coulomb-Hvor s lev 
failure  criterion) 

0e  Angle  of  internal  friction  at  strain  e  (CFS  test  definition 
on  page  11) 


CHAPTER  I 


INTRODUCTION 

1.1  The  continuing  search  for  explanations  of  the  complex  behavior 
of  fine  grained  soils  has  led  the  soils  engineer  into  the  study  of 
disciplines  formerly  considered  beyond  the  scope  of  normal  applied  soil 
mechanics.  Examination  of  clay  soils  on  microscopic  and  molecular  scales 
has  brought  into  play  the  fields  of  clay  mineralogy,  physical  chemistry 
and  soil  physics.  Through  these  disciplines,  the  distinctive  physical 
properties  of  fine  grained  soils  such  as  electrical  instability  and 

-Jc 

high  specific  surface  combined  with  the  chemical  implications  of  ion 
exchange  phenomena  have  been  the  basis  for  explanations  of  the 
engineering  behavior  of  these  soils  at  least  in  a  qualitative  sense.  Of 
particular  interest  to  the  soils  engineer  are  the  structural  units  which 
are  characteristic  of  the  various  clay  minerals  and  their  associated 
cation  exchange  phenomena. 

1.2  The  engineering  properties  of  a  given  fine  grained  soil  have 

been  shown  to  vary  with  the  nature  of  the  exchangeable  cation  complex 

‘A-  /V 

(Thomson,  1960;  Hamilton,  1961;  Thomson,  1963;  Locker,  1963).  The 
variations  shown  were  largely  qualitative  in  nature  but  because  relation¬ 
ships  do  exist,  research  utilizing  physico-chemical  phenomena  should  con¬ 
tinue,  When  quantitative  expressions  are  derived,  it  seems  reasonable  to 
expect  that  an  analysis  of  the  engineering  properties  of  a  soil  in  the 
light  of  physico-chemical  concepts  would  reveal  a  much  more  comprehensive 
picture  of  field  behavior.  Alternately,  one  might  be  able  to  tailor  a 
soil  on  the  basis  of  an  analysis  to  yield  the  desired  properties  to  suit 
*  See  Glossary  of  Terms  and  Symbols 

**  References  listed  alphabetically  in  "List  of  References" 


the  field  situation. 


I. 3  Previous  research  at  the  University  of  Alberta  revealed  that  th 

nature  of  the  adsorbed  cation  complex  affected,  to  a  considerable  degree 
the  geotechnical  properties,  including  shear  strength,  of  a  given  clay 
soil.  Investigations  by  P.A.  Thomson  (1960)  and  A.  B.  Hamilton  (1961) 
illustrated  the  requirement  of  homionic  modifications  for  a  meaningful 
study  of  physico-chemical  phenomena  and  showed  that  the  type  of  adsorbed 
cation  markedly  affected  the  Atterberg  Limits  and  consolidation 
characteristics  of  a  clay-shale.  The  effect  of  adsorbed  cations  and 
pore  water  salt  content  on  the  shear  strength  of  a  normally  consolidated 
remoulded ^highly  plastic  clay  were  studied  by  S.  Thomson  (1963)  and 

J.  G.  Locker  (1963).  The  extensive  program  carried  out  by  S.  Thomson 
on  clay  having  a  high  proportion  of  the  exchange  complex  occupied  by 
a  single  cation  species,  notably  calcium,  magnesium,  potassium  or 
sodium,  and  various  pore  water  salt  contents  indicated  that  strength 
variation  could  be  attributed  to  these  factors.  Using  consolidated 
undrained  tests  with  pore  pressure  measurements,  the  sodium 
modifications  yielded  the  lowest  strengths.  A  decrease  in  salt 
content  in  the  pore  water  caused  a  decrease  in  shear  strength  for  all 
modifications.  Grain  size  distributions  and  specific  gravity 
determinations  also  varied  with  the  adsorbed  cation  and  salt 
concentrations.  The  program  of  J.  G.  Locker,  based  on  Thomson's  work, 
consisted  of  shear  strength  determination  of  homionic  calcium  and 
sodium  clay  modifications  using  controlled  concentrations  of  salts  in 
the  pore  water.  Trends  were  established  which  substantiated  earlier 
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work.  Both  workers  adopted  maximum  principal  stress  ratio  as  their  failure 
criterion  and  defined  mohr  envelopes  on  this  basis.  Maximum  deviator  stress 
occurred  at  essentially  the  same  strain  as  maximum  stress  ratio  and  thus 
the  criterion  used  was  not  critical.  A  series  of  three  tests  on  a  given 
modification  were  used  to  obtain  an  effective  cohesion  and  friction  angle 
value  from  the  Mohr  plot.  The  values  thus  obtained  were  used  for  a 
physico-chemical  interpretation  and  comparison  of  soil  strengths. 

Whereas  friction  angles  could  be  interpreted  and  logically  compared  on 
this  basis,  cohesion  intercepts  were  largely  ignored  as  no  definite 
trends  were  apparent. 

1.4  All  strength  tests  previously  performed  on  essentially  homionic 

modifications  were  consolidated  undrained  tests  with  pore  pressure 
measurements.  Recently,  J.  H.  Schmertmann  and  J.  0.  Osterberg  (1960) 
have  developed  a  triaxial  shear  strength  test  termed  the  CFS  test 
(Cohesion  -  Friction  -  Strain  test).  During  this  test  at  a  constant 
rate  of  strain  pore  water  pressure  was  varied  to  maintain  a  constant 
selected  value  of  major  principal  effective  stress  (a,).  Data  were 
obtained  at  this  a,,  after  which  the  pore  pressure  was  changed  to 
maintain  a  new  constant  value  of  dr  The  procedure  of  alternating 
between  two  chosen  values  of  df  permitted  the  fitting  of  two  stress- 
strain  curves  to  the  data  which  were  then  mathematically  interpreted 
to  obtain  cohesion  and  friction  as  a  function  of  strain.  The 
apparent  value  of  this  test  stems  from  the  fact  that  only  one  specimen 
was  required  to  obtain  all  necessary  data  for  a  strength  evaluation. 

Cohesion  was  shown  to  develop  very  rapidly  with  strain  and  to  exhibit 
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a  "peaking"  effect  a  low  strain  whereas  friction  tended  to  develop  more 
slowly  and  reach  a  maximum  at  larger  percentage  strains.  The  cohesion  and 
friction  terms  as  defined  by  Schmertmann  and  Osterberg  were  not  construed 
to  be  fundamental  properties  but  did  appear  to  be  mechanically  independent. 

1.5  In  an  attempt  to  further  illustrate  the  effects  of  physico¬ 
chemical  phenomena  on  the  shear  strength  parameters  of  a  fine  grained 
soil,  the  subject  of  this  program  is  to  trace  the  development  of  cohesion 
and  friction  with  strain  using  the  CFS  method  of  triaxial  testing  on 
modifications  of  a  remoulded  lacustrine  clay  whose  exchange  complex  is 
predominantly  occupied  by  a  single  cation  species.  Calcium,  magnesium, 
sodium  and  potassium  modified  specimens  and  the  natural  soil  were 

tested.  Three  tests  were  carried  out  on  each  modification  at  consolidation 
pressures  of  2,  4  and  6  kg/sq„  cm,  and  at  constant  pore  water  salt 
concentrations.  A  test  was  also  performed  on  one  undisturbed  clay  specimen. 

1.6  The  soil  of  this  program  was  similar  to  that  used  by  S.  Thomson 
(1963)  and  J.  G.  Locker  (1963)  and  the  principles  of  preparing  the 
modifications  were  identical.  The  primary  difference  lies  in  the  test 
technique.  The  procedure  is  of  particular  interest  because  of  the 
necessary  slow  rate  of  axial  strain  and  the  volume  change  that  occurs 
during  the  test.  Consequently,  it  is  examined  quite  closely.  Because 
the  program  was  limited  to  three  tests  on  each  modification,  qualitative 
behavior  and  trends  overshadow  quantitative  results.  It  has  been 
assumed  that  the  reader  has  a  basic  knowledge  of  clay  mineralogy  and  soil 
physics.  For  more  information  in  these  fields,  other  available  literature 
or  a  summary  by  S.  Thomson  (1963,  Appendices  B,C,D)  is  recommended. 
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1.7  In  the  following  chapters,  a  brief  review  will  be  made  of  pertinent 

literature  including  work  at  the  University  of  Alberta,  sample  preparation 
discussed  fully  and  the  test  technique  examined  carefully.  An  estimation 
of  the  errors  in  the  results  will  also  be  presented.  A  complete 
presentation  and  discussion  of  results  in  physico-chemical  and  contemporary 
testing  terms  is  followed  by  conclusions  arising  from  this  program  and 
recommendations  for  future  research. 


CHAPTER  II 


LITERATURE  REVIEW 

Concepts  of  Shearing  Strength 

2.1  A  review  of  current  literature  on  the  shear  strength  of  cohesive 

soils  has  revealed  three  general  trends  of  thought  with  regard  to  the 
source  and  nature  of  shear  strength  and  its  laboratory  test  manifestation. 
The  classical  Mohr  -  Coulomb  failure  concept  of  shear  strength  in  terms 
of  friction  and  cohesion  components  is  well  known.  Arising  from  this 
concept,  the  Coulomb  -  FPvorslev  failure  criterion  in  terms  of  effective 
stresses  implied  at  least  the  mechanical  independence  of  the  two 
strength  components  and  forms  the  basis  for  the  technique  of 
Schmertmann  which  is  described  herein.  The  Krey  -  Tiedemann  analysis 
and  a  techique  developed  by  Palmer  et  al  (1957)  also  suggest  the  in¬ 
dependence  of  friction  and  cohesion  components  and  will  be  described 
further.  Analyses  on  the  basis  of  the  Mohr  -  Coulomb  failure  concept 
are  still  prevalent,  particularly  in  stability  problems.  The  advantage 
of  this  concept  lies  in  its  relative  simplicity  and  expediency  with 
respect  to  both  laboratory  strength  determination  and  application  to 
practical  problems.  A  second  approach  to  the  concept  of  shear  strength 
is  that  of  the  physical  chemist.  Shear  strength  is  described  and 
explained  on  a  microscopic  and  molecular  scale  in  terms  of  the  basic 
structure  of  the  soil  particles  and  the  electrical  interactions  between 
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the  solid  and  liquid  phases  of  a  soil  system.  Lambe  (1960)  presents  a 
strength  equation  in  terms  of  the  electrical  forces  acting  in  this  system 
but  indicates  that  division  of  strength  into  two  components  is  difficult 
because  of  the  interrelation  of  all  factors  involved.  Rosenqvist  (1955, 
1959),  who  also  adopts  the  physico-chemical  approach  to  shear  strength, 
states  that  there  appears  to  be  no  fundamental  difference  between 
cohesion  and  friction.  Work  performed  at  the  University  of  Alberta  by 
Thomson  (1963)  and  Locker  (1963)  indicated  that  strength  variations, 
illustrated  by  effective  friction  angles  according  to  the  Mohr  -  Coulomb 
failure  concept,  could  be  qualitatively  explained  in  terms  of  physico¬ 
chemical  phenomena  but  cohesion  intercepts  showed  no  definite  trends.  A 
third  approach  to  the  concept  of  shear  strength  is  that  proposed  by  Schmid 
based  on  energy  considerations.  No  physical  difference  between  cohesion 
and  friction  was  postulated  and  the  ability  of  the  Mohr  -  Coulomb  strength 
theory  to  furnish  a  unique  statement  of  the  conditions  obtaining  at  failure 
was  severely  questioned.  The  remainder  of  this  section  consists  of  an 
expanded  explanation  of  these  general  trends  of  thought  as  they  pertain 
to  the  interpretation  of  the  results  presented  herein. 

Mohr  -  Coulomb  Failure  Criterion 

2.2  Originally  proposed  by  Coulomb  and  later  generalized  by  Mohr,  the 

Mohr  -  Coulomb  failure  criterion  in  accordance  with  Terzaghis'  fundamental 
concept  of  effective  stress  may  be  written: 

T.J.  =  C’  +  (Cf^  -  u)  tan  0' 
where:  T ^  =  shear  stress  at  failure 

Cf  =  effective  cohesion 
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n  ■:  =  total  stress,  normal  to  failure  surface 

u  =  pore  water  pressure  on  failure  surface 
0'  =  effective  angle  of  internal  friction. 

In  the  Mohr  diagram  (FIGURE  11.1(a)),  this  equation  describes  the  shear 
strength  envelope,  tangent  to  all  possible  stress  circles  representing 
incipient  failure,  as  a  straight  line. 

Krey  -  Tiedemann  Analysis 

2.3  An  elaboration  of  the  original  Coulomb  equation  is  the  Krey  - 
Tiedemann  criterion  of  failure.  (Tschebotariof f ,  1951,  page  155). 

Hvorslev  (1960)  rewrote  the  Krey  -  Tiedemann  equation  in  terms  of  effective 
stresses  in  the  form: 

I  .  =  Op f  tan  0’c  +  0|'  tan  0* 

where:  C*  =  op* 1  tan  0’c 

i 

=  intial  consolidation  pressure. 

The  term,  C’  was  interpreted  by  Hvorslev  (1960)  to  be  the  cohesion  inter¬ 
cept  on  the  Mohr  plot  and  the  angles  0'c  and  0^  were  called  angles  of 
shear  strength.  The  values  C’  and  0'r  were  not  considered  to  be  the 
actual  cohesion  and  angle  of  internal  friction  but  merely  mathematical 
components.  This  criterion  did  not  consider  the  effect  of  sample 
expansion  upon  reduction  of  the  maximum  preconsolidation  load  but  is 
important  since  it  abandons  Coulomb’s  concept  of  the  cohesion  having  a 
constant  value  for  a  given  material.  The  Krey  -  Tiedemann  concept  is 
illustrated  in  FIGURE  II. 1(b). 

2.4  Palmer  et  al  (1957)  describe  a  method  of  separately  evaluating 
friction  and  cohesion  of  soils  using  a  consolidated  direct  shear  test. 


9 


(c)  Separate  Determination  of  Friction  and  Cohesion 
Components  (after  Hvorslev,  1960) 


FIGURE  II. 1  Concepts  of  Shearing  Strength 
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The  frictional  component  of  9hear  strength  was  treated  as  a  transient 
quantity,  dependent  entirely  upon  an  acting  normal  pressure  in  excess  of 
the  consolidation  pressure,  The  cohesion  component  of  shear  strength  was 
considered  to  be  a  permanently  built  in  characteristic  of  the  soil  and 
dependent  upon  the  pressure  to  which  the  soil  had  been  consolidated. 

One  set  of  test  points  for  a  shear  strength  versus  normal  pressure 
plot  were  obtained  by  consolidating  the  samples  under  a  given  normal  load 
and  shearing  without  removal  or  reduction  of  the  normal  loads.  A  second 
set  of  points  were  determined  by  consolidating  companion  samples  under 
similar  normal  loads  but  shearing  of  the  samples  took  place  at  very  low 
normal  pressures.  The  joining  of  the  strength  points  derived  from 
samples  consolidated  to  identical  pressures  but  sheared  at  different 
normal  loads  yielded  a  unit  cohesion  on  the  shear  strength  axis  which 
represented  the  shear  strength  retained  by  the  sample  after  consolidation 
and  removal  of  normal  loads.  This  method  of  evaluation  was  based  on  the 
Krey  -  Tiedemann  total  stress  analysis  of  shear  strength  and  completely 
ignored  pore  pressures. 

The  Coulomb  -  Hvorslev  Failure  Criterion 

2.5  The  Hvorslev  modification  of  the  Mohr  -  Coulomb  failure 

criterion  is  illustrated  in  FIGURE  II. 1(c)  and  may  be  written: 

T  ,  =  Ce  +  (a^.  -  u)  tan  0'e. 

The  friction  component  is  a  function  of  effective  normal  stress  on  the 

failure  plane,  o  '  =  O.  -  u  and  is  defined  by  the  shear  strength  line 

f  T 

obtained  when  a.'  is  varied  while  the  cohesion  and  rheological 

f 

components  remain  constant.  The  angle  of  inclination,  0e'  is  called  the 
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effective  angle  of  internal  friction  and  is  generally  a  constant  for  a 
given  soil.  The  effective  cohesion  component,  Ce,  is  defined  as  the 
zero  intercept  on  the  Hvorslev  strength  plot  and,  in  the  case  of  fully 
saturated  soils,  is  a  direct  function  of  the  water  content  or  void  ratio. 

In  this  analysis,  the  assumption  of  equal  cohesion  at  equal  void  ratio  - 
also  implies  no  significant  difference  in  the  geometric  structure  in  a 
given  series  at  the  time  of  failure,  i.e.  at  points  A,  B  and  C  in 
FIGURE  II. 1(c).  It  should  be  noted  that  the  effective  cohesion,  Ce, 
and  the  effective  angle  of  internal  friction,  0e,  were  originally 
termed  the  "true"  cohesion  and  "true"  angle  of  internal  friction. 

Literature  prior  to  1960  generally  retained  the  latter  terms  in 
reference  to  the  Coulomb  -  Hvorslev  strength  parameters. 

The  CFS  Test 

2.6  The  laboratory  test  termed  the  Cohesion  -  Friction  -  Strain 

(CFS)  test  was  briefly  described  in  the  preceding  chapter  (Paragraph  1 A). 
This  test  allows  the  determination  of  the  strain  -  mobilization  of  the 
cohesion  and  friction  components  of  the  resistance  of  a  soil  to  shear 
stress.  The  components  were  defined  by  Schmertmann  and  Osterberg  (1960) 
in  the  following  manner: 

Cohesion  (Cf:)  -  "The  cohesion  of  a  soil,  at  any  strain,  is  the 

shear  stress  developed  on  the  plane  of  Mohr  envelope  tangency 
at  that  strain,  if  the  intergranular  stress  on  that  plane 
could  be  reduced  to  zero  without  significant  change  in 
soil  structure". 

Angle  of  Internal  Friction  (,0c)  -  "The  angle  of  internal  friction, 
at  any  strain,  is  the  angle  whose  tangent  is  the  ratio  of 
the  change  in  shear  stress  to  the  change  in  normal 
intergranular  stress  occurring  on  the  plane  of  Mohr 


envelope  tangency  at  that  strain,  during  a  stress  change 
occurring  without  significant  change  in  soil  structure”. 
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The  expression  "without  significant  change  in  soil  structure”  in  these 
definitions  implies  that  a  change  in  void  ratio  of  less  than  1%  occurs 
in  conduction  with  a  change  in  o',  (a  "hop”  to  the  adjacent  constant  G, 
curve)  at  the  same  strain.  At  any  given  strain,  the  mathematical 
expressions  for  the  components,  as  derived  from  the  Coulomb  -  Hvorslev 


failure  equation,  are: 


=  sin 


Aa 


_i _ _ 

2  (Aa,  )  -  A  a 


d 


and:  C  ^  =  G^/2  -  (a^  -  a^/2)  sin  0  ^ 

cos  0 
'  e 

where:  o ^  =  deviatdr  stress  =  (  a(  -O'  3  ). 

It  should  be  noted  thata^  and  a,  in  the  expression  for  must  be  taken 
from  the  same  curve,  but  can  be  taken  from  either  one. 


2.7  Schmertmann  and  Osterberg  (1960)  performed  CFS  y  tests  on  a 

variety  of  machine  extruded  and  undisturbed,  saturated,  normally  consolidated 
clay  specimens.  The  samples  tested  had  plasticity  indices  ranging  from 
7  to  56.  This  program  yeilded  the  following  observations  and  conclusions: 

1.  The  Coulomb  -  Hvorslev  failure  criterion  was  shown  to  be 
valid  at  any  strain. 

2.  The  measured  cohesion  and  friction  strength  components 
appeared  to  be  mechanically  independent,  with  the  maximum  cohesion 
generally  developing  at  a  very  low  strain  while  the  friction  component 
required  a  much  greater  strain  to  reach  its  maximum  value.  In  some 
cases,  the  cohesion  component  demonstrated  a  pronouced  "peaking 
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effect"  after  which  the  cohesion  decreased  as  the  friction  component 
continued  to  increase. 

3.  The  cohesion  of  a  given  clay  at  a  fixed  water  content  was 
not  found  to  be  a  constant  but  depended  on  the  soil  structure.  Structural 
differences  were  illustrated  on  a  given  type  of  clay  by  testing  an 
undisturbed  sample,  natural  remoulded  specimens  and  samples  remoulded 
with  sodium  phosphate  compounds.  Cohesion  was  found  to  vary  at  a  given 
water  content  but  all  clays  tested  were  found  to  exhibit  about  the 

same  value  of  maximum  cohesion  at  a  given  preconsolidation  stress. 
Structural  differences  were  responsible  for  different  moisture  contents 
under  a  fixed  preconsolidation  stress. 

4.  The  maximum  friction  angles  determined  for  the 
various  soils  tested  did  not  vary  with  preconsolidation  stress  in  a 
consistent  manner. 

2.8  The  final  techique  of  CFS  -  testing  used  in  the  program 
described  in  paragraph  2.7  permitted  thfe  determination  of  the 
components  C£  and  0^  from  a  test  on  a  single  specimen.  The 
question  of  the  validity  of  using  a  single  specimen  arose;  that  is, 
does  a  one-specimen  test,  which  defines  two  stress-strain  curves, 
yield  the  same  computed  results  as  would  be  obtained  from  two  initially 
identical  specimens  each  tested  at  constant  a,  ,  and  each  defining  only 
one  of  the  stress-strain  curves  of  the  one-specimen  test.  Schmertmann 
(1962)  compared  one  and  two  specimen  CFS  tests  on  Ottawa  sand, 
undisturbed  cemented  sand,  sensitive  clay,  and  six  machine 
extruded  soils  with  plasticity  indices  between  4  and  21%  and 
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at  105%  and  arrived  at  the  following  conclusions: 

1.  Excellent  qualitative  agreement  was  obtained  between  the 
two  methods  in  the  curve  of  cohesion  and  friction  against  strain. 
Quantitative  agreement  on  the  maximum  cohesion  values  was  excellent. 

2.  A  general  tendency  for  cohesion  to  decrease,  and 
friction  to  increase  more  rapidly  with  strain  in  the  two-specimen 
tests  was  evident. 

3.  Excellent  comparative  one  and  two-specimen  test 
agreement  was  shown  by  tests  on  the  undisturbed  samples. 

2.9  Investigations  of  the  microscopic  behavior  of  soil-water 
systems  under  stress  have  led  to  numerous  postulates  as  to  the 
source  and  nature  of  shear  strength  in  clay  soils.  Lambe's  ex¬ 
planations  in  terms  of  interparticle  forces  (1960)  and  structure 
(1958)  and  the  hypothesis  of  Rosenqvist  (1955,  1959)  in  terms  of 
polarizability  of  the  adsorbed  cations  are  notable  as  comprehensive 
presentations  on  the  physico-chemical  aspects  of  shear  strength. 

Lambe's  Concept  of  Shear  Strength 

2.10  "A  Mechanistic  Picture  of  Shear  Strength' by  Lambe  (1960) 
presents  a  theoretical  consideration  of  the  shear  strength  generation 
in  fine  grained  soils  utilizing  forces  between  adjacent  soil  particles. 
The  wet  clay  mineral  was  pictured  as  being  surrounded  by  a  double  layer 
consisting  of  mobile  ions  in  water.  Environmental  factors,  such  as 
temperature,  concentration  and  type  of  ions  in  the  double  layer,  and 
the  dielectric  properties  of  the  double  layer  fluid  were  believed  to 
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greatly  influence  the  size  and  nature  of  the  double  layer  and  thus  the 
arrangement  of  soil  particles  and  the  electrical  forces  acting  between 
them.  Lambe  presented  the  following  equation  as  applicable  to  a 
saturated,  highly  plastic,  fine  grained  soil  system: 

O  »  =  a  -  u  -  (R-A) 

where:  cr  ’  =  effective  normal  stress  on  the  shear  plane 

a  =  total  normal  stress  on  the  shear  plane 


u 


stress  in  the  pore  water 


R  =  electrical  repulsion  between  clay  particles 
A  =  electrical  attractive  forces  between  clay  particles. 

It  was  indicated  that  frictional  resistance  and  thus  shear  resistance 
was  directly  related  to  the  normal  stress  acting  across  the  shear  plane. 
R  forces  in  the  above  equation  were  considered  to  be  Coulombic  pressures 
and  A  forces  van  der  Waal's  or  secondary  valence  pressures.  For  most 
soils,  (R-A)  increases  with  decreasing  interparticle  spacing.  In 
words,  the  equation  states  that  in  a  highly  plastic,  saturated, 
dispersed  clay,  the  effective  stress  is  the  net  electrical  stress 
transmitted  between  particles. 


2.11  Cohesion,  friction  and  dilatancy  comprise  Lambe' s  mechanistic 
components  of  shear  resistance.  Cohesion  is  the  shear  resistance  which 
can  be  mobilized  between  two  adjacent  particles  which  "stick,  cohere" 
to  each  other  without  the  necessity  of  any  externally  derived  normal 
pressure.  Cohesion  may  be  due  to  cementation  of  particles  and/or 
various  electrostatic  bonds  such  as  salt  flocculation,  edge-to-face 
flocculation,  H-bonding  or  K-bonding.  It  was  proposed  that  cohesion 
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was  mobilized  at  very  small  strains,  after  which  it  was  destroyed  and  no 
longer  contributed  to  shear  resistance.  Dilatancy  due  to  particle 
interference  and  friction  formed  Lambe's  mobilized  shear  resistance 
which  was  a  direct  function  of  the  normal  force  on  the  shear  surface. 
Part  of  the  friction  component  was  considered  to  be  electrical  in 
nature.  The  dilantancy  component  disappeared  at  that  strain  where  no 
further  tendency  toward  volume  increase  was  evident  and  then  the 
friction  component,  including  particle  interference,  became  more 
important.  Eventually,  all  shear  resistance  was  attributed  to  the 
friction  component, 

<? 

Rosenqvist' s  Concept  of  Shear  Strength 

2.12  Rosenqvist  (1955)  pictured  clay  minerals  as  being  surrounded 
by  adsorbed  cations  in  a  quasi-cystalline  water  layer.  When  clay 
minerals  are  brought  together,  the  outermost  layer  of  the  mineral 
(the  water  film)  yields  plastically  and  little  or  no  elastic  stresses 
arise.  Thus  a  subsequent  release  of  the  pressure  does  not  bring  the 
minerals  totally  apart,  and  they  will,  even  in  the  unloaded  state,  stick 
together  because  of  adhesional  forces.  This  line  of  reasoning  forms  the 
basis  for  Rosenqvist1 s  concept  of  cohesion.  The  adhesional  forces  in  a 
clay-water  system  are  considered  to  be  van  der  Waal's  in  nature  and 
depend  upon  the  mutual  distance  between  the  minerals  and  the  surface 
cations  adsorbed  upon  them.  It  is  postulated  that  van  der  Waal's 
forces  are  proportional  to  the  polarizability  of  the  adsorbed  cations 
if  the  forces  occur  between  cations  adsorbed  on  one  mineral  and  the 
lattice  field  of  another  mineral.  If  the  forces  occur  between  two 
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ions  of  the  same  kind,  the  forces  are  proportional  to  the  second  power  of 
the  polarizability.  Thus  the  binding  between  clay  minerals  is  caused  by 
polarization  of  the  adsorbed  cations  and  the  shear  strength,  which  in 
Rosenqvist’s  view  may  be  regarded  as  proportional  to  the  cohesion,  is 
dependent  mainly  upon  the  adsorbed  cations.  The  frictional  resistance 
in  clays  is  made  up  of  "macro-dilatency"  and  "micro-dilatancy" ,  both 
proportional  to  the  effecti\Te  normal  stress  in  t  he  shear  plane. 

Rosenqvist  felt  at  least  one  additional  term  was  necessary  to  account 
for  mass  forces  (electrical)  between  atoms  which  was  a  function  of  the 
normal  stress.  This  was  termed  the  "non-dilatant  friction".  The 
conclusion  reached  by  Rosenqvist  was  that  there  was  no  fundamental 
difference  between  cohesion  and  friction.  The  shear  strength  was  then 
simply  presented  as  the  effective  sum  of: 

a)  forces  tending  to  bring  the  minerals  closer  together;  i.e, 
effective  normal  pressure  and  van  der  Waal  attraction,  and 

b)  forces  tending  to  separate  the  minerals;  i.e.,  pore  water 
pressure  and  electrostatic  Coulomb  repulsion. 

2.13  Michaels  (1959),  in  discussing  Rosenqvist1 s  concept  of  cohesion, 
expresses  some  extremely  interesting  views  with  regard  to  the  role 
played  by  water  in  clay  cohesion.  It  was  postulated  that  the  cohesive 
property  of  clays  arose  from  interparticle  adhesion  and  occurred  in 
spite  of,  rather  than  because  of,  the  presence  of  water.  The  water 
thus  acted  to  reduce  the  forces  of  adhesion  but  water ,  being  a  high 
dielectric-constant  media,  allowed  the  particles  to  exhibit  weak 
attractions  to  relatively  large  interparticle  distances.  Double-layer 
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forces  which  acted  over  large  distances  and  were  responsible  for 
attraction  between  edges  and  faces  of  clay  particles  were  thus  responsible 
for  the  "card-house"  structure  normally  associated  with  water  sediments. 
The  composition  of  the  pore  fluid  and  the  type  of  exchangeable  ions 
present  determined  the  way  in  which  interparticle  attractions  and 
repulsions  guided  or  directed  the  geometric  arrangement  of  primary 
particles.  Thus,  Michaels  felt  that  the  geometric  arrangement  of  the 
particle  was  the  primary  strength  determining  variable.  An  explanation 
based  on  structure  avoided  the  necessity  of  making  assumptions  as  to  the 
nature  of  adsorbed  water,  or  to  the  role  of  electrolytes  and  ex¬ 
changeable  ions  in  influencing  interparticle  adhesion, 

Schmid's  Energy  Concept 

2.14  Schmid's  basic  picture  of  terraced  clay  minerals  covered  by 
chemisorbed  ions  or  molecules  is  essentially  similar  to  the  common 
trend  of  thought.  However,  his  interpretation  of  the  nature  of  friction 
and  cohesion  exhibited  by  clay  soils  represents  another  approach  to 
the  explanation  of  these  parameters.  Friction  was  felt  to  be  the 
result  of  the  formation  of  hot  and  cold  welded  joints  at  the  contact 
points  of  the  clay  minerals  as  sliding  took  place.  With  progressing 
shear  strains,  more  and  more  welded  contacts  participated  in  resisting 
the  shearing  stresses  until  failure  occured.  The  shear  strength  was 
thus  determined  by  the  type  of  mineral,  the  soils  grains,  the 
adsorbed  water  film,  the  geometry  of  the  particles  and  the  soil 
structure.  It  was  reasoned  that  large  amounts  of  residual  contacts 
which  were  equivalent  to  an  intrinsic  pressure  resulted  when  a  clay 
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was  unloaded.  Thus  the  cohesion  in  the  evaluation  of  shear  tests  appeared 
as  a  result  of  an  intrinsic  residual  prestress  whereas  friction  appeared 
as  the  result  of  active  exterior  forces  causing  a  change  in  the  com¬ 
position  (density)  of  the  soil.  It  was  concluded  there  was  no 
difference,  physically,  between  cohesion  and  friction.  Schmid 
emphasized  that  the  most  important  factor  in  determing  strength  was 
the  composition  and  thus  to  obtain  a  material  property  one  must  keep  the 
material  itself  constant.  That  is,  strength  tests  on  soils  should  be 
conducted  under  conditions  that  prevent  void  ratio  or  water  content 
change.  The  standard  test  that  approximately  satisfies  these  re¬ 
quirements  is  the  quick,  undrained  tests.  Consolidation  may  be  considered 
to  result  in  a  change  in  composition  and  thus  results  in  changes  in 
strength.  According  to  Schmid,  the  energy  adsorbed  in  the  process  of 
consolidation  determined  the  number  of  contacts  per  unit  volume  and  thus 
the  yield  strength  of  the  material  in  shear.  The  best  present  measure 
of  the  number  of  contacts  is  the  void  ratio  or  water  content  for 
saturated  soils.  It  was  cautioned,  however,  that  strength  also  depended 
on  the  duration  of  stress  and  the  stress  or  strain  rate. 

Physico-Chemical  Phenomena  and  Work  Performed  at  the  University  of 
Alberta 

2.15  The  following  paragraphs  present  a  brief  summary  of  the  nature 
of  clay-water  systems  and  the  characteristics  of  various  cations  in  this 
system.  Explanations  of  shear  strength  tests  on  homionic  soils  performed 
at  the  University  of  Alberta  based  on  the  concepts  presented  herein  will 


also  be  reviewed. 


20 


2.16  The  generally  accepted  basic  unit  in  a  soil-water  system  consists 
of  an  electrically  unbalanced  crystalline  clay  particle,  a  double  layer 
made  up  of  oriented  water  and  adsorbed  cations,  and  an  outer  liquid 
phase  commonly  known  as  pore  water.  The  nature  of  the  double  layer 
depends  upon  the  surface  charge  density  of  the  clay  mineral,  its 
bonding  energies,  the  kind  of  adsorbed  ions  and  concentration  of 
electrolytes  in  solution.  The  double  layer  consists  of  an  inner 
immovable  layer  and  an  outer  diffuse  layer.  The  net  negative  charge  of 
the  particle  is  satisfied  by  adsorbed  ions  in  the  oriented  water 
resulting  in  electrical  neutrality  and  thus  a  potential  drop  across 

the  double  layer.  The  potential  drop  across  the  diffuse  double 
layer  is  termed  the  fzeta  potential1.  An  increase  in  electrolyte 
concentration  in  the  pore  water  tends  to  suppress  the  double  layer 
and  thereby  reduce  the  '  zeta  potential'. 

2. 17  Interparticle  forces  existing  in  a  clay-water  system  are  of 
primary  importance  and,  according  to  Lambe  (1958),  are  completely 
responsible  for  the  shear  strength  of  a  clay.  These  forces  may  be 
divided  first  into  those  of  attraction  and  of  repulsion*  The 
attractive  forces  present  in  the  clay-water  system  are  primarily 
secondary  valence  forces,  also  called  van  der  Waals-London  forces. 

These  forces  arise  due  to  the  presence  of  electrical  moments  in  the 
individual  molecules.  The  van  der  Waals  forces  between  two  atoms 

vary  inversely  as  the  seventh  power  of  the  distance  between  them  while  the 
attractive  potential  between  two  plates  (or  particles)  varies  inversely 
as  the  square  of  the  distance  between  them  (Lambe,  1953).  The 
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hydrogen  bond  may  also  be  considered  a  secondary  valence  bond  but  is 
stronger  than  the  van  der  Waals  forces.  Other  seats  of  attraction 
i&  the  clay-electrolyte  system  are  particle-cation,  water-cation- 
water,  and  particle-water  linkages.  Repulsive  forces  exist  between 
cations  and  between  particles.  The  latter  forces  arise  when  the  double 
layer  of  two  particles  interact.  The  nature  of  the  double  layer  in 
a  given  soil-system  is,  as  previously  mentioned,  primarily  determined 
by  the  valence  and  concentration  of  the  ions  in  the  system.  Re¬ 
pulsions  increase  at  an  exponential  rate  as  the  particles  approach 
each  other  and  a  decrease  in  ion  valence  or  ion  concentration  also 
causes  an  increase  in  repulsion  for  all  but  small  intercolloidal 
distances.  Lambe  (1960)  indicates  that,  for  most  soils,  the  net 
electrical  force  (R-A)  increases  with  decreasing  particle  spacing. 

R  is  also  considered  to  be  relatively  sensitive,  but  A  insensitive, 
to  system  characteristics. 

2.18  TABLE  II. 1  lists  various  characteristics  exhibited  by 

the  four  cations  in  clay-water  systems  selected  for  this  program. 

The  polarizability,  which  represents  the  extent  to  which  an  induced 
dipole  is  formed  in  the  molecule,  is  a  contributing  factor  to  the  van 
der  Waals  forces  mentioned  in  the  preceeding  paragraph.  The  polariza¬ 
bility  is  of  particular  interest  because  it  forms  the  basis  for 
Rosenqvists '  concept  of  shear  strength  (paragraph  2.12).  Polarizability 
increases  as  the  valence  of  the  adsorbed  cation  increases  and  as  the 
size  of  the  cation  decreases  (Grim,  1953).  High -atomic -number 
alkali  ions  have  (because  of  reduced  hydratability  or  increased 
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polarizability)  a  greater  ability  to  reduce  the  zeta  potential  (Michaels, 
1959)  and  thus  increase  strength. 


2.19  Lambe  (1958)  indicates  that  "any  change  in  the  soil  water 

system  which  expands  the  double  layer  tends  to  decrease  soil  strength 
(at  a  given  void  ratio),  since  interference  by  the  double  layers  of  two 
adjacent  colloids  increases  interparticle  repulsion.  This  concept 
leads  to  the  prediction  that  any  of  the  following  changes  would 
generally  reduce  the  shear  strength  of  a  clay: 

1.  Reduction  of  electrolyte  concentration, 

2.  Cation  exchange  from  high  to  low  valence 
(e.g.,  Ca-H-  to  Na+). 

3.  Adsorption  of  anions. 

4.  Exchange  from  a  cation  of  small  hydrated  radius. 

5.  Increase  of  dielectric  constant  of  pore  fluid. 

6.  Increase  of  pH  of  pore  fluid. 

7.  Decrease  of  temperature. 

8.  Increase  in  water  content". 


2.20  Paragraph  1,3  briefly  outlined  previous  programs  carried 

out  at  the  University  of  Alberta  illustrating  physico-chemical  effects. 
The  strength  tests  carried  out  by  Thomson  (1963)  on  soil  modifications 
whose  predominant  adsorbed  cations  were  potassium,  calcium,  magnesium, 
and  sodium  yielded  effective  friction  angles  of  22°54‘,  22°42',  23°36 ' , 
and  7°30(  respectively.  These  values  represent  friction  angles  at  an 
extrapolated  zero  salt  content  of  the  pore  water;  the  extrapolation 
being  necessary  because  salt  content  was  not  controlled.  The  above 
variations  in  strength  were  attributed  to  changes  in  thickness  of  the 
adsorbed  water  hull.  A  thick  water  hull  was  held  responsible  for  the 
low  strength  of  the  sodium  samples  whereas  the  thin  water  hull 
associated  with  the  other  three  types  of  modifications  allowed 
greater  particle  interlocking  and  thus  a  greater  strength  was  shown. 

An  increase  in  salt  concentration  of  the  pore  water  was  shown  to 


TABLE  II.  I 
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CHARACTERISTICS  OF  VARIOUS  CATIONS 


Cation 

Calcium 

Magnesium 

Potassium 

Sodium 

Non  Hydrated  radius 

A  1 

°  1 

Hydrated  radius  A 

(1.17)  (1.06) 

9.6 

(0.89)  (0.78) 

10.8 

1.33 

(5.32)  (3.8) 

0.98 

(7.9)  (5.6) 

Zeta  Potential  of 

O 

adsorbed  cation  ^ 

52.7 

54 

56.5 

57.7 

Nature  of  oriented 
water  generated  by 
adsorbed  cation  3 

well  oriented 
to  approx. 

10  A  and 
transition  to 

non-or iented 
abrupt 

well  oriented 
to  slightly 
less  than  Ca 

forms  tight 
bond  between 
particles , 
thus  very 
thin  oriented 
layer  and  well 
defined 
boundary 

well  oriented 
to  approx. 

7 . 5  A  and 
gradua 1 
transition  to 
tens  of  mole¬ 
cular  layers 

Soil  Structure 
Tendency4 5 6  when 
cation  is 
adsorbed 

flocculated 

flocculated 

both  dispersed 
and  flocculated 

dispersed 

General  Order  of 
Replaceability  5 

1,2 

2,1 

3 

4 

(most  easily 
replaced) 

Polar izabi lity, 
cm2 3  ^ 

.987  x  10~24 

.504  x  10"24 

Atomic  No. 

20 

12 

19 

11 

1.  Grim  (1953)  p.  148 

2.  Bauer  (1956) 

3.  Grim  (1958)  p.  20 

(1953)  p.  174 

4.  Lambe  (1958) 

5.  Grim  (1953  p.  145) 

6.  Rosenqvist  (1955) 
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increase  the  strength  of  a  given  modification.  The  reason  for  this 
increase  was  felt  to  be  due  to  a  suppression  of  the  water  hull.  This 
effect  was  most  pronounced  with  the  sodium  modifications  and  only 
slightly  noticeable  in  other  modifications.  As  a  follow-up  on 
Thomson's  work,  Locker  (1963)  performed  strength  tests  on  homionic 
calcium  and  sodium  clay  soils  with  controlled  concentrations  of 
pore  water  salts.  An  increase  in  salts  in  the  pore  water  resulted  in 
increased  strength  in  the  case  of  the  sodium  specimens  and  no 
significant  change  in  strength  in  the  calcium  modifications.  These 
effects  were  also  explained  in  terms  of  water  hull  thicknesses. 
Strength  variations  were  exhibited  primarily  in  terms  of  friction 
angles  with  cohesion  intercepts  showing  no  consistent  variation 
with  salt  concentration.  Both  workers  showed  that  the  specific 
gravity,  liquid  limit  and  consolidation  times  varied  with  the 
adsorbed  cation  and  the  salt  content  of  the  pore  water.  The 
results  of  Locker’s  work  indicated  that  physico-chemical 
phenomena  were  more  important  in  the  region  of  high  void  ratios 
and  low  confining  pressures. 


CHAPTER  III 


SAMPLE  PREPARATION  AND  THE  TRIAXIAL  TEST 

Soils  Used  in  Program 

3.1  Material  for  tests  on  remoulded  specimens  was  taken  from  a 
depth  of  approximately  6  feet  from  the  surface  on  the  south  side  of 
a  road  cut  in  Belgravia  Ravine,  Edmonton,  Alberta  (about  15  to  20 
feet  below  the  original  ground  surface).  The  material  is  a  glacis- 
lacustrine  sediment  and  is  classified  as  a  highly  plastic  clay. 
Classification  tests  in  accordance  with  ASTM  procedures  yielded 
the  results  shown  in  TABLE  III.l,  The  mineralogical  composition  of 
the  clay  fraction  was  determined  by  the  Alberta  Research  Council  on 
a  soil  similar  to  the  one  used  for  this  program  and  is  therefore 
only  approximate, 

3.2  A  shelby  tube  sample  taken  from  the  Lendrum  school  play¬ 
ground,  Edmonton,  Alberta,  from  a  depth  of  14  to  15  feet  was 
kindly  provided  by  Bernard  -  Curtis  -  Hoggan  Engineering  and  Testing 
Ltd.  This  material  is  geologically  similar  to  the  remoulded  material 
tested  for  this  program*  The  results  of  classification  tests 
performed  are  shown  in  TABLE  III.l. 

Soil  Modifications 

3.3  The  procedure  followed  in  modification  preparation  was  based 
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TABLE  I II. I 

SUMMARY  OF  CLASSIFICATION  TESTS 


Test 

Soil  Used 
for  Remoulded 
Specimens 

Soil  Used 
for  Undisturbed 
Specimen 

Specific  Gravity 

2.79 

2.75 

Atterberg  Limits 

Liquid  Limit 

74.3 

67.5 

Plastic  Limit 

30.8 

25.5 

Plasticity  Index 

43.5 

42.0 

Grain  Size  Distribution  ^ 

7o  Sand  Sizes 

4 

22 

7,  Silt  Sizes 

35 

34 

%  Clay  Sizes 

61 

44 

2 

Mineralogica 1 

Compos  it ion 

Montmor i 1 Ion it  e 

30  -407, 

I  Hit  e 

30-407, 

Chlorite 

20-307, 

1.  M.I.T.  Grain  Size  Scale 

2.  As  determined  by  Research  Council  of  Alberta  on 
clay  size  fraction  -  approximation. 
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on  previous  work  by  Thomson  (1963)  and  Locker  (1963),  Air  Dry  soil  was 
mechanically  ground  to  pass  a  Number  40  seive.  Two  hundred  gram  batches 
were  weighed  out  in  one  quart  sealers.  Seven  hundred  and  fifty 
millilitres  of  0.75N  HC1  was  added  slowly  with  constant  stirring. 

Some  reaction  was  evident  and  thus  the  mixture  was  allowed  to  stand 
for  5  to  10  minutes.  The  mixture  was  placed  on  a  milkshake  mixer 
for  one  minute  and  then  allowed  to  stand  for  24  hours.  Care  was 
taken  to  place  the  top  loosely  on  the  jar  to  allow  the  escape  of  any 
gases  that  may  have  been  generated.  All  the  soil  had  settled  within 
the  24  hour  period  allowing  the  supernatant  liquid  to  be  siphoned 
off.  The  jar  was  refilled  with  approximately  three  hundred  and 
thirty  millilitres  of  0. 75N  HC1  and  the  above  procedure  repeated 
three  more  times.  Following  the  last  acid  wash,  the  soil  was 
washed  twice  with  three  hundred  and  twenty  millilitres  of  distilled 
water  to  reduce  the  concentration  of  the  remaining  acid.  After  the 
final  water  wash,  the  jar  was  filled  with  a  one  normal  solution  of 
the  acetate  of  the  desired  cation.  The  contents  were  mixed  on  the 
milkshake  machine  for  one  minute  and  then  allowed  to  settle.  The 
supernatant  liquid  was  siphoned  off  and  the  jar  refilled  with  acetate 
solution.  The  above  procedure  was  repeated  three  more  times  resulting 
in  the  soil  being  washed  with  approximately  1250  millilitres  of 
acetate  solution.  Twenty-four  hours  was  found  to  be  sufficient  time 
in  all  cases  for  the  soil  to  settle  out.  Following  the  last  acetate 
wash,  the  contents  of  the  jar  consisting  of  200  grams  of  soil  and 
about  300  millilitres  of  acetate  solution  were  transferred  to  4  to 
250  millilitres  centrifuge  bottles.  The  bottles  were  filled  with 


* 
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chemically  pure  ethyl  alcohol,  mixed  on  the  milkshake  machine  for  one 
minute  and  then  placed  in  the  centrifuge  at  1300  rptn  for  15  minutes. 
The  supernatant  liquid  was  poured  off  and  the  bottles  refilled  with 
alcohol.  The  contents  were  stirred  with  a  glass  stirring  rod,  as  the 
settled  soil  was  quite  firmly  packed,  and  then  brought  into 
suspension  on  the  mixer.  The  soil  in  each  bottle  was  treated  with 
four  washings  of  ethyl  alcohol  resulting  in  40  to  50  grams  of  soil 
being  washed  with  600  to  650  millilitres  of  alcohol.  The  soil  was 
removed  from  the  bottles  using  fresh  alcohol  and  dried  at  55°C. 
Partial  drying  of  the  calcium  soil  revealed  salt  crystals  on  top 
of  the  soil  and  thus  the  soil  was  remixed,  placed  in  the  centrifuge 
bottles  and  rewashed  twice  more  using  about  150  millilitres  of 
alcohol  per  bottle  per  wash.  Three  quart  sealers  of  each  type  of 
modified  soil  were  prepared  yielding  approximately  525  grams.  The 
dried  soil  was  crushed  with  a  mortar  and  pestle  to  pass  a  Number  40 
seive  and  thoroughly  mixed.  Sixteen  grams  of  this  were  removed  for 
cation  exchange  analyses;  the  remainder  being  split  into  three 
portions.  Each  portion  thus  obtained  was  sufficient  to  make  one 
triaxial  specimen. 

Moulding  Triaxial  Specimens 

3.4  Each  portion  obtained  from  the  modification  procedure  was 

mixed  into  a  slurry  with  distilled  water  to  approximately  the  liquid 
limit,  covered  and  stored  in  the  moist  room  for  at  least  one  day. 

The  slurry  was  remixed  prior  to  placement  in  the  one-dimensional 
consolidation  molds.  The  consolidation  apparatus  consisted  of  two 
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concentric  lucite  tubes  23/4  and  1  3/4  inches  in  diameter,  the  smaller 
cylinder  being  5  3/8  inches  long.  Four  vertical,  1/2  inch  wide, 
saturated,  Whatman  Number  54  filter  paper  strips  were  placed  inside 
the  inner  tube  and  wedged  in  place  at  the  bottom  by  means  of  a 
porous  stone  covered  by  a  piece  of  filter  paper.  The  slurry  was 
placed  into  the  inner  mold  with  the  aid  of  a  spatula  and  tapped  on 
the  counter  after  each  addition  of  soil  to  remove  entrapped  air. 

The  mold  was  filled  to  approximately  1/2  inch  from  the  top  and  then 
covered  with  a  filter  paper,  porous  stone  and  loading  cap  containing 
vertical  drains.  The  annular  volume  between  the  cylinders  was 
filled  with  water  and  the  vertical  load  applied  by  means  of  weights 
on  a  lever  arm.  Consolidation  was  observed  by  means  of  dial 
readings  plotted  against  the  logarithm  of  time.  Load  increments  of 
0.36,  0.65  and  finally  1.61  kg.  per  sq.  cm.  were  applied,  at  least 
complete  primary  consolidation  being  allowed  under  each  increment. 

The  sodium  modified  specimens,  because  of  their  extremely  long 
consolidation  times,  were  loaded  in  increments  of  0.36  kg.  per  sq. 
cm.  ,  each  load  application  being  left  for  about  two  days  to  prevent 
excessive  squeezing  of  soil  past  the  top  loading  cap  under  the  next 
load.  When  the  final  pressure  of  1.61  kg.  per  sq.  cm.  was  reached, 
complete  consolidation  was  allowed  which  required  approximately  one 
month.  After  consolidation  under  the  last  load  had  taken  place,  the 
apparatus  was  dismantled,  the  specimen  extruded,  wrapped  in 
polyethylene  plastic,  waxed  and  stored  in  the  moist  room  until 
required. 
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Mounting  and  Consolidating  Triaxial  Specimens 

3.5  The  procedure  followed  in  trimming  and  mounting  the  triaxial 
specimens  was  similar  to  that  described  by  Andreson  et  al  (1957).  A 
detailed  description  of  the  exact  procedure  followed  is  given  by  Locker 
(1963)  and  will  only  be  summarized  here.  The  specimen  was  trimmed  to 
approximately  35.6  mm  in  diameter  by  80  mm  in  length  and  then  weighed 
and  measured.  Drainage  aids  consisted  of  five  wool  wicks  inserted 
symmetrically  into  the  specimen,  five  external  filter  paper  strip  drains 
(slotted  filter  paper)  and  filter  paper  on  the  top  and  bottom  of  the 
specimen.  The  prepared  specimen  was  mounted  on  the  triaxial  base 

and  enclosed  in  two  rubber  membranes  (fixed  in  place  with  six  0-rings) 
and  two  layers  of  silicone  grease.  The  triaxial  cell  was  filled  with 
water  topped  with  an  oil  seal,  the  confining  pressure  applied  and  the 
sample  allowed  to  consolidate  by  expelling  water  into  a  25  millilitre 
stopcock  burette.  Consolidation  was  performed  under  a  single  load 
increment  and  was  followed  by  log  and  root  time  versus  burette  reading 
plots.  When  adequate  secondary  compression  time  was  indicated,  as 
determined  on  the  log  time  curve,  the  burette  was  removed  and  the 
triaxial  cell  placed  in  the  loading  press. 

The  Triaxial  Test 

3.6  A  detailed  description  of  the  procedures  followed  during 
back-pressuring,  the  pore  pressure  reaction  test  and  the  CFS  test  is 
given  in  APPENDIX  A,  consequently  the  treatment  here  will  be  brief. 
Back-pressuring  was  accomplished  by,  first,  increasing  the  cell 
pressure  by  2  kg.  per  sq.  cm.  and  measuring  the  build  up  of  pore 


31 


pressure  with  time  for  15  to  20  minutes.  This  was  essentially  a  pore 
pressure  reaction  test  without  back  pressure.  The  pore  pressure  was 
then  increased  to  match  the  back  pressure  and  allowed  to  reach  equilibrium 
conditions  over  a  period  of  12  to  15  hours.  The  standard  pore  pressure 
reaction  test  was  then  conducted  which  consisted  of  simply  increasing  the 
cell  pressure  by  1  kg.  per  sq.  cm.  and  measuring  the  build  up  of  pore 
pressure  over  a  time  interval  of  5  minutes.  The  additional  1  kg.  per 
sq.  cm.  was  then  released  and  the  decrease  in  pore  pressure  measured 
over  the  same  time  interval.  The  CFS  test  was  started  in  the  same 
manner  as  an  undrained  test  with  pore  pressure  measurements  in  order 
to  insure  proper  piston  seating.  As  the  test  progressed  at  a  constant 
rate  of  strain,  the  pore  water  pressure  was  varied  to  obtain  a  constant 
selected  value  of  major  principal  stress  (5,  ).  Data  were  obtained 
at  this  G  ,  after  which  the  pore  pressure  was  changed  to  maintain  a  new 
constant  value  of  G,  .  The  high  and  low  values  of  o,  selected  for  the 
majority  of  tests  were  1.00  ac  and  0.70  to  0.85ac  respectively.  The 
procedure  of  "hopping"  between  the  constant  selected  values  of  5,  was 
continued  past  maximum  deviator  stress.  Throughout  the  test  pore 
pressure,  deviator  stress,  volume  change  and  time  readings  were  taken. 
Plots  of  pore  pressure,  deviator  stress,  volume  change,  minor  principal 
stress  and  effective  stress  ratio  versus  strain  were  kept  as  the  test 
progressed.  At  the  end  of  the  test  the  entire  assembly  was  dismantled, 
taking  care  to  maintain  equilibrium  conditions  within  the  specimen. 

Final  wet  weight,  volume  (by  mercury  immersion),  slope  of  shear  plane, 
if  visible,  and  moisture  content  were  noted.  An  example  of  the  data 
for  a  complete  triaxial  test  is  given  in  APPENDIX  C. 


CHAPTER  IV 


DISCUSSION  OF  SAMPLE  PREPARATION  AND 
PRELIMINARY  TEST  PROCEDURES 


Soil  Modification 

4.1  The  object  of  preparing  soils  with  a  single  cation  adsorbed 
on  the  exchange  complex  and  in  the  pore  water  is  to  magnify  the 
effects  of  this  single  cation  on  the  soil  properties  and  to  obviate 
any  effects,  known  or  unknown,  other  cations  may  have.  The 
proportion  of  the  cation  exchange  capacity  of  a  soil  that  must  be 
occupied  by  a  single  cation  species  in  order  to  yield  soil  pro¬ 
perties  characteristic  of  this  species  only  is  uncertain.  Work 
performed  by  Hamilton  (1961)  on  an  homionic  calcium  clay  with 
various  percentages  of  adsorbed  sodium  showed  that  a  marked 
increase  in  plasticity  characteristics  occurred  when  28%  of  the 
available  exchange  positions  were  filled  with  sodium.  A  further 
increase  in  percent  adsorbed  sodium,  however,  revealed  a  further 
gradual  increase  in  plasticity  characteristics  to  a  maximum  in  the 
homionic  sodium  state.  The  soils  prepared  for  this  program  were, 
on  an  average,  90%  saturated  with  a  given  cation.  The  work  of 
Hamilton  illustrates  that  the  characteristics  of  a  given  cation 
may  be  slightly  modified  by  the  presence  of  a  small  amount  of 
other  adsorbed  cations.  Following  in  this  line  of  thought,  it 


32 


33 


might  also  be  suspected  that  the  presence  of  a  small  quantity  of  salts 
in  the  pore  water  would  also  affect  the  engineering  characteristics  of 
a  given  modification  due  to  suppression  of  the  double  layer.  Because 
the  sodium  cation  in  the  adsorbed  state  is  associated  with  a  relatively 
large  double  layer,  it  would  also  be  expected  that  this  affect  would  be 
most  pronounced  with  sodium  modified  soils.  As  the  soil  modifications 
produced  all  contained,  according  to  exchange  capacity  analyses,  a 
small  quantity  of  salts,  the  preceeding  thoughts  should  be  kept  in 
mind.  Further  reference  to  these  ideas  will  be  made  in  Chapter  VII, 

4.2  The  first  step  in  the  preparation  of  a  modification  consisted 
of  four  washings  with  0.75N  hydrochloric  acid.  The  purpose  of  these 
washings  was  to  remove  carbonates  and  sulphates  from  the  soil.  On  one 
hand  carbonates  present  in  a  soil  tend  to  lower  the  cation  exchange 
capacity  as  the  large  carbonate  crystals  occupy  space  in  the  soil 
mass  that  would  otherwise  be  occupied  by  clay  minerals.  On  the  other 
hand,  the  presence  of  slowly  soluble  carbonates  tends  to  increase  the 
exchange  capacity  by  acting  as  a  source  of  calcium  cations.  Addition 
of  water  to  an  homionic  soil  containing  carbonates  will  dissolve  some 
carbonates  resulting  in  a  release  of  extraneous  cations  and  a  possible 
subsequent  change  the  proportions  of  cations  adsorbed. 

4.3  Modified  soils  were  prepared  by  washing  with  an  acetate  of  the 
desired  cation.  This  procedure  was  based  on  previous  work  (Thomson, 
1963;  Locker,  1963)  which  postulated  exchange  occurring  in  accordance 
with  the  Langmuir  Adsorption  Theory  and  the  Law  of  Mass  Action.  As 
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indicated  in  Paragraph  4.1,  the  procedure  used  for  this  program  did  not 
yield  completely  homionic  modifications  as  determined  by  flame 
photometer  measurements.  Exchange  capacity  analyses  showed  an  average 
of  904  saturation  with  a  specified  cation  on  a  given  modification.  The 
results  of  the  exchange  capacity  analyses  are  shown  in  Table  IV. 1. 

4.4  Excess  salts  in  the  pore  water  were  removed  by  ethyl  alcohol 
washings.  The  major  advantage  of  using  the  acetate  radical  in  preparing 
modifications  is  its  subsequent  easy  removal  because  of  its  solubility 

in  ethyl  alcohol.  The  washings  used,  however,  appear  to  be  insufficient, 
as  6  to  7  me. /100  gms  a.d.s  salts  were  found  in  some  modifications. 

Exchange  Capaci  ty  Analyses 

4.5  Quantitative  determinations  of  the  type  of  adsorbed  cations  and 
those  in  the  pore  water  were  made  using  procedures  employed  by  the 
Alberta  Research  Council,  Soil  Survey  Section.  The  only  deviation  from 
these  procedures  was  that  5  grams  of  soil  passing  the  Number  40  seive 
were  used  instead  of  20  grams  of  a  coarser  size.  Total  cations  present, 
including  both  those  adsorbed  and  those  in  the  pore  water,  is  determined 
by  summing  flame  photometer  results  for  each  ion  found  in  a  solution 
leached  from  the  original  soil  by  ammonium  acetate.  The  cation 
exchange  capacity  of  the  soil  itself  is  found  by  a  nitrogen  determination 
on  the  leachate  containing  ammonium  ions  which  were  present  in  the 
adsorbed  state  after  the  first  leaching  procedure.  The  difference 
between  the  flame  photometer  results  and  the  nitrogen  determination  is 

a  quantitative  measure  of  the  soluble  salts  in  the  pore  water.  Results 


RESULTS  OF  CATION  EXCHANGE  ANALYSES 
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of  the  exchange  capacity  analyses  performed  for  this  program  are  shown 
in  TABLE  IV. 1. 

Moulding  Triaxial  Specimens 

4.6  All  specimens  were  placed  in  the  one-dimensional  consolidation 
apparatus  at  approximately  their  liquid  limit.  As  the  Atterberg  limits 
were  not  performed  on  the  modified  soils  because  of  the  lack  of  pre¬ 
pared  soil,  the  results  of  the  limits  performed  by  Hamilton  (1961) 
were  used  as  close  approximations.  Consolidation  under  a  vertical 
pressure  of  1.61  kg.  per  sq.  cm.  completed  the  moulding  procedure.  As 
initially  identical  specimens  are  a  prerequisite  to  later  effective 
comparisons,  it  was  hoped  that  the  moulding  procedure  would  yield 
similar  specimens.  Initial  void  ratios,  listed  in  TABLE  V. 1,  agree 
remarkable  well  within  a  given  soil  series.  One  might  then  safely 
assume  that  initial  soil  structures  were  also  very  nearly  identical 
and  thus  the  moulding  technique  appears  to  be  satisfactory  for  the 
purposes  of  this  program. 

Drainage  Aids 

4.7  Five  internal  wool  wicks,  external  slotted  filter  paper  and 
top  and  bottom  filter  papers  were  used  to  aid  both  drainage  and  pore 
pressure  equalization  within  the  specimen.  These  aids  are  necessary, 
particularly  in  the  performance  of  the  CFS  -  test,  to  speed  up  move¬ 
ment  of  water  and  equalization  of  pore  pressure.  The  disturbance 
due  to  insertion  of  the  wool  wicks  is  an  undesirable  feature  but 
subsequent  consolidation  would  appear  to  rectify  any  detrimental 
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effects,,  Tne  particular  advantage  gained  by  the  use  of  internal  wool 
wicks  was  illustrated  by  Schmertmann  (1962),  who  found  that  the  use  of 
5  wicks,  as  opposed  to  none,  increased  the  rate  of  consolidation  6  times. 
The  pattern  in  which  the  wicks  were  inserted,  one  in  the  centre  and 
4  placed  symmetr ically  around  it,  resulted  in  the  longest  drainage  path 
being  about  0.9  cm. 

The  Load  Cell 

4.8  The  triaxial  equipment  used  is  designed  such  that  the  loading 
table  moves  up  at  a  constant  rate  against  a  proving  ring.  The  rate  of 
strain  in  the  specimen  varies  with  the  manner  in  which  the  table  move¬ 
ment  is  shared  between  the  specimen  and  the  proving  ring.  In  the  early 
stages  of  a  test,  a  high  preportion  of  the  table  movement  is  used  to 
compress  the  proving  ring  whereas  in  the  high-strain  portion  of  a  test, 
almost  all  movement  is  used  in  compressing  the  specimen.  During  the 
CFS  test  shifting  from  one  O',  curve  to  another  is  required  and  these  shifts 
would  be  accompanied  by  compression  or  extension  of  the  proving  ring,  thus 
the  rate  of  strain  is  not  constant.  The  difficulties  encountered  when 
performing  the  CFS  test  using  a  proving  ring  were  illustrated  by 
Thomson  (1963).  Compression  and  extension  of  the  proving  ring  and  the 
associated  period  of  time  required  for  transfer  of  strain-energy  from 
the  proving  ring  to  the  specimen  resulted  in  poorly  defined  deviator 
stress  vs  strain  curves  and  also  "saw-tooth"  cohesion  and  friction 
vs  strain  curves  (Thomson,  1963,  Page  A  40  and  A  41).  In  order  to 
eliminate  possible  complications  due  to  changes  in  the  rate  of  strain 
and  to  improve  the  simplicity  with  which  the  CFS  test  is  performed, 
Schmertmann  and  Osterberg  employed  a  load  cell  which  was  much  less 


38 


compressible  than  the  proving  ring  but  retained  sufficient  accuracy  to 
determine  the  applied  load.  The  load  cell  yielded  a  rate  of  strain  which 
was  very  nearly  constant. 

4.9  The  load  cell  used  for  the  program  of  this  thesis  was  an 

aluminum  tube,  6  inches  long,  3/8  inches  O.D. ,  and  0.030  inches  wall 
thickness.  The  centre  two  inches  was  machined  to  a  reduced  wall 
thickness  of  0.019  inches.  Two  SR-4,  Type  A-7  strain  gauges  were 
mounted  longitudinally  on  this  portion  of  the  tube  and  were  connected 
in  series.  Using  a  strain  indicator  and  constant  stress  calibration 
apparatus,  the  load  cell  was  calibrated  against  known  dead  loads.  The 
calibration  curve  obtained  based  on  both  loading  and  unloading  cycles, 
was  linear.  The  sensitivity  obtained  over  the  calibrated  range  was 
0.0784  kg.  per  microinch/inch  strain  which,  in  terms  of  specimen 
cross-sectional  area,  is  approximately  0.008  kg/sq.  cm.  per  microinch/ 
inch  strain.  This  sensitivity  is  considerably  lower  than  that  obtained 
by  Schmertmann  and  Osterberg  (1960,  page  657).  The  probable  reason  for 
this  may  reside  in  different  types  of  aluminum  since  approximately  the 
same  size  load  cell  was  used  in  both  cases.  The  sensitivity  was, 
however,  considered  adequate  and  acceptable  for  the  purposes  of  this 
program.  The  maximum  compression  of  the  load  cell  for  this  program  was 
in  the  order  of  .03  mm,  that  is,  approximately  575  microinches/inch, 
the  calibration  being  ultimately  carried  out  to  636  microinches/inch. 

In  contrast,  proving  ring  compressions  normally  range  from  1  to  3  mm. 

The  accuracy  and  errors  associated  with  the  load  cell  used  will  be 
discussed  in  the  following  chapter. 


» 


39 


4.10  The  load  cell  used  for  the  first  test  in  this  program  (Test  Number 
1  in  TABLE  V.I)  had  a  sensitivity  of  0.151  kg.  per  microinch/inch  strain. 
It  was  decided  that  this  was  inadequate  hence  a  second  load  cell  was 
constructed  and  calibrated  to  500  microinches/inch  strain.  It  was  felt 
that  this  strain  covered  the  anticipated  range  and  Test  Number  2  was 
performed.  During  this  test,  strain  exceeded  500  microinches /inch  and 
the  calibration  of  the  load  cell  changed  by  .002  kg.  per  microinch /inch. 
The  change  could  result  in  an  error  of  approximately  0.2  kg/sg.  cm.  in 
the  calculated  deviator  stress  for  the  test.  The  load  cell  was  re¬ 
calibrated  to  636  microinches/inch  which  covered  the  range  of  strains 

for  all  subsequent  tests.  Periodic  checks  on  the  calibration  of  the 
load  cell  indicated  no  further  changes  throughout  the  program.  Zero 
readings  on  the  strain  indicator  before  and  after  a  given  test  checked 
satisfactorily;  thus  no  problem  arose  because  of  this  factor.  It 
should  be  noted  that  once  the  strain  indicator  is  connected  to  the 
system  and  a  zero  reading  is  taken,  the  indicator  must  not  be  removed 
from  the  system  until  the  test  is  finished.  Zero  readings  for  tests 
depend  on  the  tightness  of  connections  and  thus  vary  among  different 
test  set-ups.  Differing  tightness  of  connections  affect  the  resistance 
of  the  circuit  and  hence  the  zero  reading. 

Backpressure  and  Pore  Pressure  Reaction 

4.11  Immediately  after  consolidation  had  taken  place  a  pore  pressure 
reaction  test  was  performed  which  consisted  simply  of  increasing  the 
cell  pressure  by  2  kg/sq.  cm.  and  measuring  the  increase  in  pore 
pressure  over  a  period  of  10  minutes.  The  procedure  is  described  in 


40 


detail  in  APPENDIX  A,  The  results  of  such  tests  are  given  in  TABLE  IV, 2. 

It  is  seen  that,  even  though  initial  degrees  of  saturation  are  very  high, 
the  response  of  the  pore  pressure  measuring  system  to  the  increased  cell 
pressure  is  extremely  poor,  particularly  with  the  more  impermeable 
potassium  and  sodium  modified  soils.  Just  why  this  does  occur  is  not 
readily  evident  as  high  degrees  of  sturation  are  normally  associated 
with  high  reactions.  It  must  be  kept  in  mind,  however,  that  the  figures 
shown  represent  the  response  of  the  entire  pore  pressure  system  to  the 
increase  in  cell  pressure  and  not  only  that  of  the  specimen.  When  the 
pressure  increment  is  applied  to  the  specimen  by  increasing  the  cell 
pressure,  and  equal  and  opposite  pressure  attempts  to  arise  within  the 
specimen  and  the  measuring  system.  This  increased  pressure  will  tend 
to  dissolve  any  entrapped  air  and  also  cause  expansion  of  the  pore 
pressure  lines.  If  the  reaction  is  still  not  equal  to  the  pressure 
increment,  additional  specimen  consolidation  must  be  initiated  under 
the  pressure  difference  remaining.  Expansion  of  lines  was  shown  by  a 
separate  test  to  be  very  significant  under  the  first  2  kg/sq.  cm. 
pressure  increment.  This  expansion  was  found  to  be  in  the  order  of 
0.20  c.c  and  is  probably  the  major  contributing  factor  to  the  low 
reactions  determined.  The  fact  that  lower  values  were  obtained  for  the 
more  impermeable  specimens  may  be  due  to  consolidation  being  much  slower 
in  these  soils.  In  the  case  of  the  sodium  modifications,  the  consolidation 
initiated  during  the  short  period  required  for  the  pore  pressure 
reaction  test  is  most  likely  negligible. 


4.12 


Following  the  preceding  pore  pressure  reaction  test,  the  pressure 
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TABLE  IV. 2 

RESULTS  OF  PORE  PRESSURE  REACTION  TESTS 


Modif icat ion 

Test 

Lateral 

Pressure 

Kg . /sq . cm . 

Initial 

Degree 

of 

Saturation 

% 

Pore  Pressure 
Reaction 
Without 
Backpressure 
in  10  min. 

(AO  c  =  2) 

Pore  Pressure 
Reaction 

With 

Backpressure 
in  5  min . 

(Aoc  =  1) 

Nat .  Rem . 

2. 10 

97.8 

* 

0.95 

Nat .  Rem . 

4.00 

96.4 

* 

0.89 

Nat .  Rem. 

4.00 

97.5 

1.13 

0.81 

Nat .  Rem . 

6.10 

96.9 

* 

0.99 

Nat  .  Undist . 

4.00 

99.0 

1.39 

0.87 

Magnesium 

2.00 

98.8 

* 

0.96 

Magnesium 

4.00 

99.2 

1.30 

0.99 

Magnesium 

6.00 

98.9 

1.00 

0.95 

Potassium 

2.00 

99.2 

* 

0.92 

Potassium 

4.00 

98.8 

0.60 

0.81 

Potassium 

6.00 

98.9 

0.70 

0.82 

Calcium 

2.00 

98.9 

1.54 

0.98 

Ca lcium 

4.00 

99.5 

* 

0.85 

Calcium 

6.00 

99.2 

0.75 

0.89 

Sodium 

2.00 

100.1 

0.30 

0.38 

Sodium 

4.00 

100.7 

0.19 

0.24 

Sodium 

6.00 

100.9 

0.28 

0.14 

*Not  determined 
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within  the  specimen  was  set  at  2  kg/sq.  cm.  In  this  manner  backpressuring 
was  accomplished.  This  procedure  is  also  outlined  in  detail  in 
APPENDIX  A.  In  the  last  five  tests  of  this  program,  volume  change 
measurements  were  made  during  this  procedure  and  essentially  negligible 
volume  changes  were  found  to  occur  within  the  specimen  during  back¬ 
pressuring  if  expansion  of  the  volume  change  indicator  and  pore 
pressure  lines  was  taken  into  account.  The  specimen  was  left  under 
back  pressure  for  12  to  15  hours  and  a  second  pore  pressure  reaction 
test  was  performed.  This  test  consisted  of  increasing  the  cell  pressure 
by  1  kg/sq.  cm.  and  measuring  the  response  of  the  pore  pressume  system 
over  a  5  minute  period.  Rsults  of  these  tests  are  listed  in  TABLE  IV. 2. 
All  reaction  are  in  the  range  80  to  99%  with  the  exception  of  the 
sodium  modifications.  One  would  expect  the  reactions  to  be  high  be¬ 
cause  of  the  increased  saturation  due  to  the  back  pressure  (Lowe  and 
Johnson,  1960).  It  was  found  from  the  separate  test  mentioned  earlier 
that  pressure  increments  subsequent  to  the  first  2  kg/sq.  cm,  increment 
resulted  in  a  volume  expansion  of  the  system  in  the  order  of  0.07  c.c. 
per  1  kg/sq.  cm.  This  factor  may  contribute  to  values  being  less  than 
100%.  Any  consolidation  which  would  be  initiated  would  tend  to  counter¬ 
act  the  effect  of  expansion  of  the  system.  As  noted  earlier,  the 
consolidation  effect  may  be  entirely  absent  in  the  sodium  modifications 
during  the  short  time  interval  used  for  these  pore  pressure  reaction  tests. 
The  occurrence  of  low  pore  pressure  reactions  with  sodium  modified  soils 
is  not  unique  to  this  program  but  was  also  encountered  in  the  programs 
of  Thomson  (1963)  and  Locker  (1963). 
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4.13  Most  final  degrees  of  saturation  were  found  to  be  larger  that  the 
initial  values  but  this  increase  cannot  be  attributed  solely  to  back 
pressuring  as  movement  of  water  into  and  out  of  the  specimen  is  allowed 
throughout  the  CFS  test.  Thus  the  effect  of  back  pressure  on  the 
degree  of  saturation  of  a  specimen  cannot  be  quantitatively  evaluated. 


CHAPTER  V 


PRESENTATION  OF  DATA  AND  DISCUSSION 
OF  THE  CFS  TRIAXIAL  TEST 


General 

5.1  The  problem  forming  the  basis  of  this  thesis  was  to 
investigate  the  variation  of  the  strength  parameters,  cohesion  and 
angle  of  internal  friction,  with  axial  strain  in  modified  clay 
specimens  using  the  CFS  test.  The  terms  "cohesion"  and  "angle  of 
internal  friction"  or  "friction"  are  retained  in  the  presentation 
and  discussion  of  the  results  of  this  program  to  be  consistent 
with  the  original  definitions  put  forth  by  Schmertmann  and 
Osterberg  (Paragraph  2.6)  although  preference  has  been  expressed  for 
the  phrases  "angle  of  shearing  resistance"  or  "shearing  resistance" 
to  replace  the  latter  terms.  Curves  of  imposed  axial  stress,  herein 
referred  to  as  deviator  stress,  versus  strain  for  all  tests  are  in 
APPENDIX  B„  Plots  obtained  from  consideration  of  these  curves  are 
presented  in  this  and  the  following  chapter.  Complete  sets  of  data 
which  illustrate  in  detail  CFS  test  procedures  and  calculations  are 
presented  in  APPENDIX  C. 

Calculations 

5.2  Initial  void  ratio  calculations  were  based  on  determinations 
of  the  initial  moisture  content  from  specimen  trimmings,  the  volume 
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from  measurements  of  the  specimen  and  average  specific  gravity  of  soil 
solids  from  at  least  two  determinations.  These  values  are  listed  in 
TABLES  V„1  and  V.2.  The  decrease  in  volume  of  the  specimen  resulting  from 
triaxial  consolidation  was  measured  by  the  quantity  of  water  expelled  into 
a  25  ml.  burette.  This  enabled  the  calculation  of  volume,  moisture  content 
and  void  ratio  after  consolidation  had  occurred.  Plots  of  consolidation 
pressure  versus  moisture  content  after  consolidation  for  each  modification 
were  found  to  be  generally  poor  due  to  scatter  of  points  from  the 
accepted  straight  line  relationships.  Determinations  of  the  volume 
change  during  any  given  CFS  test  based  on  the  above  procedure  of 
calculating  moisture  contents  after  consolidation  appeared  to  be  very 
high  when  compared  to  actual  measurements  made  with  the  volume  change 
indicator  in  the  pore  pressure  line  (APPENDIX  A,  Method  2), 

5.3  Thomson's  work  (1963,  page  A21)  with  undrained  strength  tests 
also  revealed,  in  some  instances,  a  very  marked  discrepancy  hetween 
the  initial  wet  weights  and  the  sum  of  final  wet  weights  and  burette 
volume  changes.  Hence  there  appeared  to  be  adequate  justification  for 
suspecting  burette  volume  changes  and  also  for  correction  of  these 
measurements  if  a  suitable  method  could  be  devised.  This  problem  did 
not  require  special  attention  in  the  work  of  Thomson  (1963)  and 
Locker  (1963)  as  the  necessity  of  calculating  moisture  contents  after 
consolidation  from  burette  volume  changes  did  not  arise.  As  the  tests 
used  were  undrained,  final  moisture  contents  equalled  those  after 
consolidation. 

5.4  It  was  decided  to  perform  a  simple  triaxial  consolidation  test 
on  the  remoulded  Edmonton  clay  to  investigate  this  problem.  The 
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difference  between  initial  and  final  weights  of  water,  volumes,  wet  weights 
and  burette  readings  could  then  be  compared  to  determine  the  reliability 
of  the  burette  method  of  calculating  volume  change.  Each  of  the  preceding 
methods  of  calculating  volume  change  involve  a  separate,  independent 
factor  and  thus  may  be  considered  unrelated  for  comparison  purposes. 

The  results  of  such  a  test  did  show  the  burette  volume  change  measure¬ 
ments  to  be  in  error  by  a  significant  quantity.  The  difference 
between  initial  and  final  weights,  volumes  and  weights  of  water 
agreed  within  0.50  c.c.  in  14.50  c.c.  whereas  burette  volume  change 
was  2,00  c.c,  high. 

5.5  Some  of  the  excess  water  expelled  during  consolidation  may  be 
that  used  to  saturate  the  drainage  aids  described  in  Paragraph  4.7. 

Air  was  also  expelled  and  is  included  in  the  measured  volume  change. 

This  air  may  have  been  trapped  between  the  membrane  and  the  specimen 
or  during  insertion  of  the  internal  drains  when  the  sample  was  set  up 
and  thus  would  also  contribute  to  erroneous  measurements. 

5.6  The  only  means  available  on  which  to  base  a  correction  was 
the  comparison  of  the  triaxial  consolidation  curve  obtained  on  the 
one  remoulded  Edmonton  clay  specimen  and  the  individual  consolidation 
test  results  on  this  clay  from  the  CFS  tests.  A  comparison  of 
these  indicated  that  the  volume  correction  necessary  to  make  the 
individual  test  results  agree  with  the  assumed  correct  triaxial 
consolidation  curve  could  be  obtained  by  subtracting  the  volume  of 
water  expelled  after  3  minutes  from  the  total  volume  expelled.  The 
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value  of  3  minutes  was  the  average  of  4  determinations;  0.50,  6.5,  3  and 
2. 5  min.  from  tests  1  to  4  respectively.  The  3-minute  correction 
obtained  in  this  manner  was  then  applied  to  all  burette  volume  change 
measurements.  The  corrections  obtained  are  shown  in  TABLE  V.2  and 
values  of  moisture  content  and  void  ratio  after  consolidation  based 
on  corrected  volume  changes  are  listed  in  TABLE  V.l. 

5.7  Any  future  work  requiring  calculation  of  moisture  contents 
after  consolidation  based  on  burette  volume  change  measurements 
should  attempt  to  obtain  corrections  to  these  measurements.  Either 
or  both  of  the  following  means  may  be  sufficient  to  determine  this 
correction.  An  initial  consolidation  under  a  very  small  load,  for 
example,  .05  kg/sq.  cm.,  may  expell  any  excess  air  or  water  present  in 
the  system.  During  consolidation  under  pressures  such  as  those  used  for 
this  program,  a  record  of  the  quantity  of  air  expelled  should  be  made  and 
applied  as  a  correction. 

5.8  Following  the  triaxial  test,  determinations  of  the  specimen 
volume  by  mercury  immersion,  wet  weight  and  moisture  content  were 
made.  The  change  in  volume  during  the  CFS  test  could  then  be  computed. 
The  results  of  calculations  by  three  methods  are  shown  in  TABLE  V«2. 

All  methods  utilize  the  corrected  burette  volume  change.  Agreement 
between  the  three  methods  is  as  good  as  may  be  expected.  Generally 
two  methods,  not  necessarily  the  same  two  for  every  test,  compare  quite 
closely.  The  third  method,  in  these  cases,  was  probably  the  result  of 
technical  difficulties.  For  example,  the  final  wet  weight  of  the 
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specimen  may  be  low  due  to  loss  of  soil  on  the  outer  drainage  aids  when 
these  are  removed.  Volume  change  measurements  made  during  tests  with  the 
volume  change  apparatus  in  the  pore  pressure  line  (APPENDIX  A,  Method  2) 
indicated  that  the  maximum  volume  increase  occurred  at  approximately  the 
same  strain  as  maximum  deviator  stress.  Following  this  the  specimen 
volume  tended  to  decrease  very  slowly  (see  example,  APPENDIX  C ,  Remoulded 
Edmonton  Clay).  Thus,  the  volume  change  recorded  after  a  CFS  test  is 
dependent  on  strain,  and  this  must  be  kept  in  mind  when  comparing 
values  for  different  tests  listed  in  TABLE  V.2.  The  volume  change 
tabulated  also  corresponds  to  either  the  high  or  low  a,  curve  chosen, 
this  factor  being  noted  in  the  final  column  in  TABLE  V.2.  The  average 
volume  change  during  the  CFS  test  under  the  end-of-test  strains 
employed  for  this  program  ranged  from  -0.8%  to  +3.8%,  the  net  volume 
decrease  generally  corresponding  to  tests  taken  to  high  percent  strains. 

Measurement  and  Plotting  Errors 

5.9  All  computations  for  this  program  were  performed  on  a  12  place 
desk  calculator  and  thus  no  errors  should  arise  because  of  inaccurate 
calculations.  Plotting  errors  are  always  present  but  are  considered 
to  be  comparatively  minor.  The  experimental  measurements  directly 
involved  in  the  computations  of  the  friction  and  cohesion  components 
at  any  strain  are  the  triaxial  cell  pressure,  Oc  ,  the  deviator  stress, 

(  a(  -  a5  ),  and  the  pore  pressure,  u.  The  triaxial  cell  pressure  was 
maintained  by  a  hydraulic  weight-loaded-piston  pressure  cell.  The 
deviator  stress  was  measured  by  an  external,  calibrated  load  cell  and 
strain  indicator  (see  Paragraph  4.9)  and  pistion  friction  was  minimized 
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by  rotating  piston  bushings.  The  pore  pressure  was  measured  with  mercury 
manometers  having  a  maximum  working  range  of  1.75  kg/sq.  cm.  For  pressures 
greater  than  this,  the  range  was  extended  by  additional  backpressure  from 
an  hydraulic  pressure  cell.  An  important  source  of  potential  error  is 
that  the  controlled  and  measured  pore  pressure  may  not  be  the  one 
actually  effective  throughout  the  specimen.  The  drainage  aids 
(Paragraph  4.7)  and  test  technique  (APPENDIX  A)  are  designed  to 
minimize  this  error. 

5.10  TABLE  V.3  presents  the  author’s  estimates  of  the  ordinary  errors 
present  in  the  significant  variables  when  the  stresses  are  at  the  levels 
used  in  the  experiments  reported  herein.  TABLE  V.4  indicates  the  range 
in  typical  computed  values  of  cohesion  and  friction  as  a  result  of  the 
most  unfavorable  combination  of  errors  in  TABLE  V.3. 


Rate  of  Strain 


5.11  It  has  been  generally  agreed  (Bishop  and  Henkel,  1962;  Schmid, 
1962;  Hvorslev,  1960;  Taylor,  1948  )  that  the  strength  of  a  normally 
consolidated  clay  is  dependent  to  some  extent  on  the  rate  of  strain. 

Bishop  and  Henkel  (1962,  page  192)  state: 

’’The  rate  of  testing  has  a  marked  influence,  in  clay  soils  in 
particular,  on  the  pore  pressures  observed  during  the  undrained  stage 
of  the  triaxial  test.  This  arises  from  three  causes: 

a)  time  lag  in  the  pore  pressure  device, 

b)  progressive  equalization  of  nonuniformity  in  pore  pressure 
resulting  from  end  restraint  or  from  a  natural  tendency  to 
zone  failure,  and 

c)  a  modification  in  the  behavior  of  the  soil  structure  as  the 
rate  of  shear  is  reduced. 

In  choosing  a  rate  of  testing  it  is  necessary  to  be  able  to  determine 


TABLE  V . 3 
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PRECISION  OF  MEASUREMENTS 


"  1  ■ 

Stress 

Measured 

Ordinary  Range  of  Error 

Deviation  from  true,  kg/sq.cm 

Below 

Ab  ove 

a  3 

0.00 

.  .. 

4-0  .02 

u 

-0  .01 

4-0  .02 

a  d 

-0.02 

4-0 . 0  3 

J 

TABLE  V. 4 

RANGE  OF  COHESION  AND  FRICTION 
DUE  TO  ERRORS  SHOWN  IN  TABLE  V.  3 


s 

i 

Computed 

Assumed 

Comp ut ed 

Minimum 

True 

Maximum 

! 

Cohesion,  C€ 

! 

kg/sq.cm 

i 

at  Low  Strain* 

0.624 

0.717 

0.817 

at  High  Strain* 

0.538 

0.639 

0.743  , 

Angle  of  Internal 

Friction,  0f° 

at  Low  Strain 

03°46 ' 

05°55 ' 

08°05 ' 

at  High  Strain 

14°59» 

17°43 1 

20°33 1 

Tan  0G 

? 

at  Low  Strain 

.0658 

.10  36 

.  1420 

at  High  Strain 

.2676 

.3195 

.3749 

*  Low  Strain  -  less  than  37o 

*  High  Strain  -  at  or  above  strain  of  max.  (  0^  -  CT 


53 


the  relative  influence  of  these  three  factors  on  the  observed  values  of 
pore  pressure,  so  that  the  results  obtained  will  lead  to  a  true  measure 
of  the  physical  properties  of  the  soil." 

5.12  In  addition  to  the  preceding  factors,  a  rate  of  strain  for  the 
CFS  test  must  allow  for  volume  changes  that  take  place.  Schmertmann 
(1962)  suggested  that  the  GFS  test  be  performed  with  a  compression 
rate  not  greater  than  one  percent  axial  strain  per  theoretical  100% 
consolidation  time  interval  (tioo)*  As  the  first  consolidation  test 
for  this  program  yielded  a  t^00  of  210  minutes,  a  CFS  test  performed  at 
the  suggested  rate  would  have  taken  at  least  48  hours  to  ensure 
exceeding  the  strain  at  which  maximum  deviator  stress  occurs.  This 
means  that  the  test  would  have  be  be  left  unattended  for  two  nights. 

In  order  to  realize  a  substantial  saving  in  time,  it  was  decided  to 
perform  this  first  test  at  approximately  1%  axial  strain  per  100 
minutes  (approximately  \  t^oo)  with  the  hope  of  still  obtaining 
adequate  pore  pressure  equalization  and  clear  definition  of  the  curves. 
The  data  from  this  test  are  shown  in  TABLES  V.l  and  V. 2  and  the 
deviator  stress  versus  strain  curves  are  given  in  APPENDIX  Bc  It 
was  found  that  this  rate  of  strain  was  too  fast  resulting  in  poor 
definition  of  the  deviator  stress  curves.  The  fact  that  this  was 
the  writer’s  first  test  also  contributed  to  the  erratic  results. 
Techniqueis  of  vital  importance  in  the  performance  of  the  CFS  test 
and  the  mastering  of  this  technique  requires  the  conduct  of  pilot 
model  tests. 


5.13 


All  subsequent  tests  for  this  program,  with  the  exception  of  the 
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tests  on  sodium  soils,  were  conducted  at  a  rate  of  strain  of  1%  per  155 
minutes.  Times  to  theoretical  100%  consolidation  varied  from  89  to 
1440  minutes,  the  majority  being  between  170  and  360  minutes.  The  tests 
appeared  to  be  successful  but  fewer  points  for  definition  of  curves  were 
obtained  for  the  more  impermeable  soils.  CFS  tests  on  the  sodium 
modifications  were  conducted  at  1%  axial  strain  per  1393  minutes.  Times 
to  theoretical  100%  consolidation  for  these  modifications  ranged  from 
54,000  to  72,000  minutes.  Deviator  stress  versus  strain  plots  from  the 
sodium  specimens  tested  are  presented  in  Figure  B.5  and  a  complete  set 
of  data  for  a  test  on  the  sodium  modification  is  given  in  APPENDIX  C. 
Difficulties  were  had  with  two  of  the  three  tests  performed  but  it  is 
felt  that  these  arose  mainly  from  problems  concerning  technique.  The 
rate  of  strain  was  probably  a  contributing  factor  but  cannot  be 
considered  wholly  responsible. 

5.14  The  drainage  aids  employed  for  all  specimens  undoubtedly 
contributed  largely  to  the  success  of  the  CFS  tests  reported  herein. 
Possibly  even  more  internal  wool  wicks  utilizing  different  insertion 
patterns  could  have  been  used  in  the  sodium  specimens  without  any 
significant  detrimental  effects  on  the  compressive  strength  determinations. 
This  point  should  be  kept  in  mind  for  any  further  CFS  tests  on  soils 
similar  to  the  sodium  modifications  used  in  this  program. 

5.15  The  effect  of  rate  of  strain  on  CFS  test  results  was  examined 
by  Schmertmann  (Closure,  1962).  Tests  were  performed  on  machine- 
extruded  specimens  of  saturated  kaolinite  with  strain  rate  as  the  only 
variable.  The  ratio  between  the  fastest  and  slowest  test  was  over 
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5000  to  1  ( 4,  34/,/hr  *  to  ,  000787o/hr ,  ) ,  It  was  found  that  cohes  ion  was 
similar  in  magnitude  for  all  tests  in  spite  of  the  greatly  increased  time 
for  pore  pressure  distribution.  The  shear  resistance  mobilized  at  a 
given  strain  was,  however,  found  to  increase  with  decreasing  strain  rate. 
Schmertmann  s  GFS  tests  on  this  clay  (1960)  were  performed  at  approximately 
0„75//hr.  At  a  comparable  strain,  the  lowest  and  highest  tangents  of  the 
angle  of  internal  friction  were  approximately  60%  (4, 34%/hr, )  and 

140%i  ( „ 00078%/hr . )  of  that  obtained  from  the  test  performed  at  a  rate 
of  strain  of  0, 75%/hr ,  From  this  particular  test  series  at  the  strain 
compared  this  is  approximately  11°  t  4°  which  compares  with  an  ordinary 
experimental  error  of  jj  2°,  Hence  it  would  appear  that  strain  rate  is 
not  critical.  The  strain  rate  must  still,  however,  be  compatible  with 
the  permeability  of  the  soil  tested  in  order  to  perform  successful 
CFS  tests. 

Failure  Criterion 

5.16  The  failure  criterion  generally  adopted  in  triaxial  tests  are 
maximum  deviator  stress  or  maximum  principal  effective  stress  ratio. 

The  mechanics  of  the  CFS  test  makes  these  two  points  coincident.  The 
CFS  test,  however,  yields  the  mobilized  components  of  the  resistance 
of  a  soil  to  shear  strain  and  indicates  two  separate  failures.  At  low 
strains  a  cohesion  failure  occurs  followed  by  a  cohesion  plus  friction 
failure  at  often  much  greater  strains.  The  latter  corresponds  closely 
to  the  point  of  maximum  deviator  stress  for  the  curve  obtained  when 
a  ~  a  For  the  purposes  of  this  program  maximum  deviator  stress  was 
chosen  to  represent  the  failure  condition  and  all  compressive  strength 
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and  Mohr  failure  plots  have  been  defined  on  this  basis. 

The  CFS  Test 

5. 17  All  factors  concerning  strain  are  based  on  the  original  length 
of  the  sample  as  correction  curves  established  by  the  Norwegian 
Geotechnical  Institute  (NGI  Number  45,  1957)  are  based  on  original 
length.  The  correction  is  obtained  by  entering  a  plot  of  correction 
versus  burette  volume  change  from  consolidation.  The  correction  is 
used  in  calculations  of  corrected  cross-sectional  area  and  deviator 
stress.  The  burette  volume  change  used  to  obtain  the  correction  was 
the  original  unaltered  value  and  thus  a  small,  relatively  constant 
error  is  associated  with  all  deviator  stress  calculations.  Any 
attempt  to  rectify  this  situation  would  involve  recalculation  of  all 
test  data.  It  is  felt  that  the  error  is  small  enough,  however,  to  be 
ignored. 

5.18  One  might  ask  why  major  principal  effective  stresses  were 
chosen  to  remain  constant  during  a  CFS  test  rather  than  minor  principal 
effective  stresses  or  normal  effective  stresses  on  the  failure  plane, 
Schmertmann  and  Osterberg’s  reasoning  behind  this  choice  was  that  it 
would  involve  the  least  void  ratio  change  and  also  appeared  more 
practical  than  the  alternatives  suggested. 

5.19  During  performance  of  the  CFS  test  hops  must  be  made  between 
two  adjacent  constant  major  principal  effective  stress  curves.  A 
compromise  must  be  reached  between  minimizing  structural  changes  by 
minimizing  changes  in  effective  stress,  and  increasing  accuracy  by 
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increasing  the  change  in  effective  stress  and  therefore  the  effects  of 
this  change  that  are  to  be  measured.  S chmer tmann  and  Osterberg  (1960) 
decided  that  a  q,  range  of  about  75  to  100%  Gc  produced  strength  changes 
that  could  be  interpreted  with  sufficient  accuracy  and  yet  involved  only 
small  void  ratio  changes  (usually  less  than  1%). 

5.20  The  majority  of  tests  (4  to  17  inclusive)  for  this  work  were 
conducted  within  the  range  of  about  75  to  105%  Gc  .  The  first  4  tests 
were  performed  using  a  high  a,  of  105  to  118% ac  .  The  first  point  on 
the  high  a,  curve,  at  approximately  0.2%  strain,  was  obtained  under 
undrained  test  conditions.  For  suceeding  points  the  pore  pressure  was 
controlled  and  measured  as  outlined  in  APPENDIX  A.  After  the  first  four 
tests  were  completed  the  question  arose  as  to  whether  performance  of  the 
CFS  test  with  the  high  G,^  Gc  would  yield  notably  different  results 
than  when  G,  >  Gc.  Analysis  of  the  data  did  not  reveal  any  significant 
discrepancies  in  results.  The  revised  procedure  was  adopted  for  the 
remainder  of  this  program  because  tests  appeared  to  be  easier  to  start 
if  pore  pressure  was  immediately  altered  and  controlled. 

5.21  The  results  of  drained  and  undrained  tests  appear  to  be  applicable 
to  certain  specific  field  conditions,  for  example,  long  and  short-term 
stability  of  slopes.  As  the  CFS  test  is  neither  drained  nor  undrained 
but  is  accompanied  by  a  strain-dependent  volume  change  (Paragraph  5.4) 
one  might  query  its  physical  interpretation.  The  performance  of 
curve-hopping  between  two  selected  major  principal  effective  stresses  is 
analagous  to  repeated  rebound  and  recompression  consolidation  cycles. 

The  reason  for  operating  along  the  rebound -compress ion  branches  is  to 
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minimize  any  gross  change  of  structure  (as  measured  by  a  change  in  void 
ratio).  These  branches  are  kept  sufficiently  near  the  void  ratio  and 
stress  condition  of  the  soil  after  normal  consolidation  to  consider  the 
structure  that  of  a  normally  consolidated  clay.  It  is  not  difficult  to 
visualize  increased  pore  pressures  occurring  in  the  field  resulting  in 
a  decrease  in  effective  stress  and  a  subsequent  small  rebound  and  thus 
the  CFS  test  procedure  does  appear  to  be  physically  applicable. 

5.22  The  significance  of  a  laboratory  test  should  not,  however,  be 
judged  only  by  the  apparent  macroscopic  similarity  between  it  and  a  field 
condition  or  on  its  ability  to  supply  meaningful,  fundamental  soil 
strength  parameters  which  may  be  applied  to  problems  involving  a  given 
soil  under  various  conditions.  It  should  also  be  judged  on  its  merits 

as  a  research  technique  in  an  effort  to  present  a  more  concise  and 
comprehensive  picture  of  the  source  and  nature  of  shearing  strength 
of  cohesive  soils. 

5.23  During  all  the  CFS  tests  performed  for  this  program,  plots  of 
deviator  stress,  minor  principal  stress,  effective  stress  ratio,  pore 
pressure  and  volume  change  versus  strain  were  kept.  All  deviator  stress 
versus  strain  curves  obtained  are  presented  in  APPENDIX  3,  The  curves 
for  the  tests  in  which  the  major  principal  effective  stress  was 
approximately  equal  to  the  consolidation  pressure  of  4  kg/sq.  cm.  are 
shown  in  FIGURE  V. 1.  The  curves  given  are  typical  of  those  obtained 

on  all  soil  modifications  tested  at  the  other  confining  pressures. 

Sodium  modifications  exhibited  the  lowest  strengths  and  failure  strains 
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at  a  given  (J,  and  consolidation  pressure.  The  test  on  these  modifications 
lasted  approximately  6  days  with  one  point  on  each  constant  <3,  curve 
being  obtained  each  day  after  the  first  day  of  test.  The  undisturbed 
clay  tested  also  failed  at  a  low  percentage  strain,  the  test  requiring 
only  one  day  to  complete  under  the  rate  of  strain  employed.  The  constant 
a,  curves  shown  in  Figure  V. 1  for  magnesium  and  calcium  modifications 
and  for  the  natural  soil  are  reasonably  well  grouped.  The  potassium 
modification  yielded  the  highest  compressive  strength  of  all  remoulded 
soils  tested  at  this  and  other  comparable  constant  major  principal 
effective  stresses.  For  the  case  illustrated  in  Figure  V. 1 ,  the 
undisturbed  clay  shows  a  compressive  strength  similar  to  that  of  the 
potassium  modification. 

5.24  The  stress-strain  curve  after  maximum  deviator  stress  for  the 
potassium  modification  falls  more  rapidly  than  the  other  curves.  From 
this  observation,  the  potassium  soil  might  be  considered  more  brittle 
than  the  other  soils  tested.  Strength  tests  performed  by  Rosenqvist 
(1955)  on  artificial  potassium  clays  also  illustrate  the  very  brittle 
nature  of  these  soils. 

5.25  As  5,  Oc  ,  pore  pressure  must  be  approximately  equal  to  the 
applied  deviator  stress.  Thus  the  curves  presented  in  Figure  V.l  can 
be  thought  of  as  pore  pressure  versus  strain  plots.  The  corresponding 
minor  principal  effective  stress  curves  are  thus  found  to  be  concave  up. 

5.26  Hops  between  two  adjacent  constant  a,  curves  performed  by  con¬ 
trolled  pore  pressure  changes  result  in  a  change  in  volume  of  the  specimen 
gixid  thus  a  change  in  void  ratio  and  morsture  content.  Schmertmann  (1960) 
reasons  that  two  identical  clay  specimens  at  an  identical  strain  condition, 
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but  with  different  values  of  a,  cannot 
because  a  void  ratio  change  must  occur 


have  exactly  the  same  structure 
for  the  following  two  reasons: 


a)  "As  the  specimen  strains  the  particle  alignment  (fabric)  is 
continually  changing  to  accomodate  strain*  Since  the  clay 
is  in  equilibrium  with  a  given  intergranular  stress  only  at 
a  particular  fabric  and  void  ratio,  any  change  in  fabric 
will  require  a  void  rati©  change  to  maintain  the  inter¬ 
granular  stress.  Then,  it  follows  that  any  intergranular 
stress  change  at  a  certain  fabric  (strain)  requires  a  void 
ratio  change. 


b)  During  the  compression  the  pore  pressure  is  increased  to 
maintainO,  constant.  Since 05  is  held  approximately 
constant  then  G?  must  be  continually  decreasing.  This 
represents  a  reduction  in  the  total  forces  of  attraction 
between  clay  particles  and  must  be  compensated  for  by  a 
reduction  in  the  total  forces  of  repulsion.  This  is 
accomplished  through  an  increase  in  the  spacing  between 
the  particles,  or  a  void  ratio  increase." 


5.27  The  average  volume  changes  that  did  occur  by  curve-hopping 
during  a  CFS  test  are  listed  in  TABLE  V.2.  These  values  divided  by  the 
appropriate  differences  in  constant  O,  values  are  plotted  against  the 
logarithm  of  consolidation  pressure  in  FIGURE  V.2.  The  sodium 
modifications  yield  one  line  and  the  remainder  of  the  soils  testeo  pro¬ 
vide  another.  The  curves  show  the  volume  change  that  will  occur  due 
to  the  imposed  O',  difference  given  a  consolidation  pressure.  TABLE  V.l 
lists  theoretical  100%  consolidation  times  which  indicate  that  the  sodium 
modifications  are  60  to  800  times  less  permeable  than  the  other  soils 
tested.  This  is  probably  the  reason  for  a  separate  curve  for  sodium. 

The  calcium  and  magnesium  modified  soils  and  the  remoulded  and  un¬ 
disturbed  clays  have  permeabilities  in  the  same  order  of  magnitude  while 
the  potassium  soils  are  generally  about  1/2  to  1/3  times  as  permeable. 


VOLUME  CHANGE  DURING  CURVE  HOP  /  A  CT 
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As  the  potassium  modification  tested  at  ac  =  4.00  kg/sq.  cm.  was  the 
most  impermeable  of  the  potassium  specimens,  the  low  value  plotted  in 
FIGURE  V. 2  may  be  attributed  to  this  factor. 

Summary 

5.28  This  chapter  dealt  with  the  data  obtained  and  discussed  the 
CFS  triaxial  test.  A  special  triaxial  consolidation  test  confirmed  the 
suspicion  that  burette  volume  changes  for  all  tests  could  be  in  error. 

A  3 -minute  correction  was  devised  and  applied  to  all  data.  Corrective 
measures  for  future  tests  were  suggested.  Calculation  of  volume  change 
during  a  CFS  test  by  three  methods  compared  favorably.  This  change  was 
shown  to  be  dependent  mainly  upon  the  end-of-test  strain. 

5.29  A  study  of  the  most  unfavorable  combination  of  errors  present 
in  measurements  made  during  a  CFS  test  indicated  the  maximum  error  in 
the  calculated  cohesion  to  be  approximately  t  0.1  kg/sq.  cm.  and  in  the 

-f 

angle  of  internal  friction  about  -  3  degrees.  The  rates  of  strain  employed 
for  this  program  were  considered  to  be  generally  satisfactory  from  the 
point  of  view  of  pore  pressure  equalization  and  definition  of  curves. 

It  was  pointed  out,  however,  that  the  rate  of  strain  affects  the  shear 
resistance  mobilized  at  a  given  strain. 

5.30  The  CFS  test  procedure  involving  volume  changes  was  shown  to  be 
applicable  to  field  problems.  At  a  given  consolidation  pressure  sodium 
modified  soils  were  found  to  be  the  weakest  and  potassium  the  strongest 
of  the  remoulded  specimens  tested.  Volume  changes  during  curve-hops  were 
shown  to  be  predictable  for  the  sodium  soils  on  one  hand  and  the  remainder 
of  the  soils  tested  on  the  other. 


CHAPTER  VI 


PRESENTATION  OF  RESULTS 


Introduction 

6.1  Cohesion,  Ce  ,  and  friction,  0£  ,  are  the  mobilized  components 

of  the  resistance  of  a  soil  to  shear  strain.  The  magnitude  of  each 
component  varies  with  strain  and  the  CFS  test  is  the  procedure  used  in 
this  program  to  investigate  this  variation.  It  is  emphasized  that  the 
CFS  test  is  not  intended  as  a  means  of  determining  the  conventional 
Mohr-Coulomb  shear  strength  parameters  at  failure.  This  chapter  deals 
with  the  results  of  the  CFS  tests  performed  for  this  program  and  es¬ 
tablishes  general  trends  for  the  soil  modifications  used.  Chapter  VII 
is  concerned  more  specifically  wTith  a  physico-chemical  interpretation 
of  the  results  presented  herein. 


Computed  Cohesion  and  Friction 

6,2  Computations  for  cohesion  (C€)  and  angle  of  internal  friction 

(  0  e  )  at  any  strain  were  made  using  the  equations  given  in  Paragraph 
2.6,  The  data  on  which  these  calculations  are  based  is  taken  from  the 
deviator  stress  versus  axial  compressive  strain  curves  presented  in 
APPENDIX  B.  Two  complete  sets  of  data  and  calculations  are  given  in 
APPENDIX  C.  Computations  for  cohesion  and  angle  of  internal  friction 
were  made  at  intervals  varying  between  0.5  and  1.2/0  axial  strain,  the 
points  plotted  and  an  estimated  best  fit  line  drawn  through  them.  The 
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curves  obtained  in  this  manner  are  presented  in  FIGURES  VI . 1  to  VI. 12. 

6.3  Each  of  FIGURES  VI . 1  to  VI . 6  contains  plots  of  cohesion  and 
angle  of  internal  friction  versus  axial  compressive  strain  for  a  given 
soil  modification.  For  all  soils  tested  except  the  sodium  modification, 
cohesion  is  seen  to  peak  at  a  relatively  low  strain  whereas  friction 

is  mobilized  at  a  much  slower  rate  and  reaches  its  maximum  value  at 
considerably  higher  strains.  Cohesion  for  the  sodium  specimens  reached 
its  maximum  value  near  the  strain  at  failure  with  maximum  friction 
generally  occurring  before  this  point.  The  strain  at  which  the  peak 
cohesion  occurs  for  all  soils  tested  appears  to  increase  with  increas¬ 
ing  consolidation  pressure.  No  trends  are  evident  in  this  respect 
regarding  maximum  friction  angle  values. 

6.4  Cohesion  and  friction  curves  for  the  remoulded  Edmonton  clay 
tested  at  a  confining  pressure  of  6.10  kg/sq.cm.  appear  to  be  incon¬ 
sistent  with  those  from  G  3  =  2.0  and  4.0  kg/sq.cm.  It  is  believed 
that  they  are  incorrect  due  to  poor  technique.  Referring  to  FIGURE  B.l, 
APPENDIX  B,  it  is  seen  that  the  deviator  stress  curves  are  not  adequately 
defined  in  the  first  7%  axial  strain.  An  error  in  the  determination  of 
one  point  due,  for  example,  to  non-equalization  of  pore  pressure,  could 
change  the  location  of  the  initial  portion  of  either  stress -strain  curve 
and  thus  significantly  affect  cohesion  and  friction  computations.  Assum¬ 
ing  that  this  did  occur,  it  could  be  shown  that  a  larger  difference  in 
deviator  stresses  in  the  initial  portions  of  the  curves  would  result  in 

s train -deve lopment  of  friction  being  similar  to  that  for  the  other  tests 
on  this  soil  which  would,  in  turn,  flatten  out  the  cohesion  curve  con- 
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siderably  making  it  more  consistent  with  the  other  curves  shown, 

6.5  For  a  given  soil  modif ication,  the  regular  displacement  of 
the  cohesion  curves  suggests  the  dependency  of  cohesion  on  the  con¬ 
solidation  pressure.  Strain  does  not  appear  to  disrupt  high-strain 
displacements  as  these  curves  maintain  approximately  their  relative 
positions  throughout  the  progress  of  the  tests.  Friction  curves  for 
a  given  soil  are  similar  both  in  shape  and  position.  Differences 

in  maximum  values  attained  do  not  vary  consistently  with  consolidation 
pressure.  The  writer  feels  that  the  discrepancies  shown  are  mainly  due 
to  errors  in  measurements  as  described  in  Paragraph  5,5,  Differences 
in  angle  of  internal  friction  values  at  any  strain  are  within  the  ordinary 
range  of  errors  that  might  occur ,  The  peak  cohesion  and  maximum  angle 
of  internal  friction  computed  for  each  test  performed  are  listed  in 
TABLE  V„l,  Averaging  the  maximum  friction  angle  values  obtained  and 
comparing  these  yields  the  following  order:  potassium  (18°  3-4 9 )  ,  un¬ 
disturbed  clay  (14°25’)3  magnesium  (13°36!),  remoulded  clay  ( 13° 22s), 
calcium  (11°57”)  and  sodium  (2°20“), 

6.6  Tn  order  to  illustrate  more  effectively  the  relation  between 
consolidation  pressures  cohesion  and  angle  of  internal  friction  1 IGURES 
VI, 7  to  VI. 12  are  presented.  These  are  plots  of  angle  of  internal 
friction  versus  strain  and  cohesion  versus  strain  at  consolidation 
pressures  of  23  4  and  6  kg/sq,cm.  Each  diagram  contains  applicable 
curves  from  all  soils  tested  with  the  exception  of  the  results  obtained 
from  Test  No,  2,  The  curves  from  this  test  are  erroneous  (Paragraph  5,17) 


and  therefore  misleading. 
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6.7  Considering,  first,  the  cohesion  versus  axial  compressive 
strain  plots,  it  is  seen  that  a  distinct  band  is  formed  which  includes 
all  soils  tested  at  a  given  consolidation  pressure.  This  band  is  best 
defined  for  the  tests  at  whichO'c  =  2.00  and  4.00  kg/sq.cm.  The  mobi¬ 
lized  cohesion  appears  to  be  independent  of  the  adsorbed  cation  and 
simply  dependent  on  consolidation  pressure.  The  only  apparent  exception 
to  this  is  the  potassium  cohesion  curves  at  strains  in  excess  of  8  to  970. 
The  relatively  rapid  decrease  in  cohesion  here  is  due  to  the  rapid  de¬ 
crease  in  strength  described  in  Paragraph  5.24.  This,  in  turn,  was 
attributed  to  the  brittle  nature  of  potassium  modified  soils. 

6.8  Angle  of  internal  friction  versus  strain  plots  do  not  exhibit 
any  definite  relation  to  consolidation  pressure.  This  is  illustrated  in 
FIGURE  VI. 13(a).  Individual  curves  do,  however,  appear  to  be  related  to 
the  type  of  cation  adsorbed.  The  order  of  peak  friction  angle  values 
attained  at  Cc  =  4.00  and  6.00  kg/sq.cm,  follows  exactly  the  order  of 
average  values  presented  at  the  end  of  Paragraph  6.5.  At  O’ c  =  2.00 
kg/sq.cm,  the  calcium  and  magnesium  peak  values  are  interchanged. 

6.9  FIGURE  VI. 13(b)  is  another  way  of  presenting  the  data  shown  in 
FIGURES  VI. 8,  VI . 10  and  VI . 12 .  Peak  cohesion  for  the  various  modifica¬ 
tions  is  plotted  against  consolidation  pressure.  As  expected,  a  band 

is  obtained  which  illustrated  the  dependency  of  cohesion  on  consolidation 
pressure  and  the  lack  of  influence  of  the  type  of  adsorbed  cation.  The 
dashed  lines  illustrate  this  relation  at  10%  axial  compressive  strain. 

The  cross-hatched  area  encompasses  values  of  peak  cohesion  obtained  by 
Schmertmann  and  Osterberg  (1960)  from  their  program  on  soils  whose 
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liquid  limits  varied  from  30  to  80  and  plasticity  indices  ranged  from 
7  to  56.  This  band  is  parallel  to  that  obtained  from  this  program. 

6.10  As  the  plasticity  characteristics  of  the  soils  used  for  this 
program  are  at  the  upper  limits  of  the  ranges  investigated  by  Schmertmann 
and  the  band  from  this  program  is  just  above  that  determined  by 
Schmertmann,  it  appears  that  the  peak  cohesion  may  also  be  a  function 

of  the  plasticity  characteristics  of  a  soil  which  in  turn,  are  influenced 
by  the  grain  size  distribution,  the  type  of  clay  minerals  present  and 
the  adsorbed  cations.  The  effect  of  these  factors  on  the  peak  cohesion 
determined  for  the  soils  of  this  program  cannot  be  pursued  further 
here  for  three  main  reasons.  Firstly,  the  range  of  plasticity  of  the 
soils  tested  is  not  large  enough  to  make  a  proper  analysis.  Secondly, 
more  precise  results  than  those  presented  herein  would  be  required  to 
make  an  adequate  analysis.  Thirdly,  the  quantity  of  soil  prepared 
for  this  program  did  not  allow  classification  tests  other  than  specific 
gravity  analyses  to  be  performed  on  the  soil  modifications.  Time  also 
necessarily  limits  this  program  and  thus  the  effects  of  plasticity 
characteristics  on  cohesion  as  determined  by  the  CFS  test  are  suggested 
for  future  research. 

Cohesion,  Compressive  Strength  and  Consolidation 

6.11  FIGURES  VI . 14  to  VI . 18  present  curves  of  the  logarithm  of 
the  compressive  strength,  the  consolidation  pressure  and  twice  the  peak 
cohesion  versus  moisture  content.  Consolidation  pressure  and  twice  the 
peak  cohesion  are  plotted  against  the  moisture  content  after  consolida¬ 
tion  as  determined  from  corrected  burette  volume  change  measurements 
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LEGEND  TO  FIGURES  V. 14-18 
SUMMARY  OF  CFS  TEST  RESULTS 


0 


Peak  Cohesion  x  2  vs  Moisture  Content  After 
Triaxial  Consolidation 

Compressive  Strength  vs  Final  Moisture  Con¬ 
tent  When  tl  ^  ~  O  c 

Compressive  Strength  vs  Final  Moisture  Con¬ 
tent  When  ci  i  <  O  c 

Triaxial  Consolidation  Pressure  vs  Moisture 
Content  After  Consolidation  (FIGURE  V. 15-18) 
Triaxial  Consolidation  Pressure  vs  Moisture 
Content  (From  one  Consolidation  Test) 

(FIGURE  V „ 14) 

Consolidated  Undrained  Test  Result  (FIGURE  V„14) 
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described  previously.  The  resulting  curves  are  well  defined  and  thus  the 
method  of  correction  (Paragraph  5.3)  appears  to  be  successful.  One  ex¬ 
ception  to  this  is  the  result  obtained  from  the  potassium  modification 
tested  at  0  c  =  6.00  kg/sq.cm.  Calculated  moisture  content  after 
consolidation  is  high  and  thus  the  correction  was  apparently  too  great. 

6.12  The  generally  acknowledged  linear  relationship  between  the 
logarithm  of  consolidation  pressure  and  moisture  content  (for  saturated 
systems)  is  reaffirmed.  Peak  cohesion  is  seen  to  exhibit  a  similar 
relation.  If,  in  fact,  cohesion  is  a  function  of  consolidation  pressure 
then  this  relationship  must  exist  because,  for  a  given  saturated  soil 
system,  void  ratio  and  thus  moisture  content,  is  determined  by  the  con¬ 
solidation  pressure.  This  does  not  mean,  however,  that  for  a  given 
consolidation  pressure,  and  thus  peak  cohesion,  there  is  a  fixed 
moisture  content  for  all  soil  systems.  On  the  contrary,  the  moisture 
content  at  a  given  consolidation  pressure  varies  with  the  nature  of 

the  soil  system.  An  equivalent  cohesion,  for  example,  is  provided  by 
the  sodium  modifications  at  a  much  higher  moisture  content  than  the 
other  soils  tested. 

6.13  It  has  been  generally  accepted  that  a  linear  relationship 
exists  between  void  ratio,  or  moisture  content  for  saturated  systems, 
and  the  logarithm  of  the  compressive  strength  of  a  given  clay.  As 
long  as  there  are  no  structural  disturbances,  this  relationship  appears 
to  be  independent  of  all  other  variables  (Taylor,  1948  p.  370) .  This 


curve  is  also  generally  parallel  to  the  virgin  compression  branch  of 
the  consolidation  curve.  The  relationship  shown  in  FIGURES  VI . 14  to 


VX„18  essentially  fall  in  line  with  the  preceding  statements.  It  is 
seen,  however,  that  two  strength  lines  are  obtained  from  the  results 
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of  a  series  of  CFS  tests  on  a  given  soil.  The  line  nearer  the  con¬ 
solidation  curve  represents  compressive  strengths  for  O  ^  O 
and  the  line  immediately  to  the  left  of  this  strength  line  represents 
compressive  strength  for  O  1  O  Q.  The  former  may  be  considered 

a  compressive  strength  curve  for  the  condition  of  normal  consolidation 
whereas  the  latter  may  be  thought  of  as  the  curve  for  slight  over 
consolidation . 


6.14  This  separation  of  the  compressive  strength  curves  does  not, 

at  first  glance,  appear  consistent  with  the  idea  that  soil  specimens 
of  a  given  type  at  similar  structures  should  yield  a  unique  curve. 
Schmertmann  and  Osterberg,  quoted  in  Paragraph  5.26,  demonstrated 
that  slightly  different  structures  must  result  from  changes  in  O  ^  . 
Taylor,  referred  to  in  the  previous  paragraph,  indicated  that  the 
location  of  the  compressive  strength  -  moisture  content  curve  could  be 
dependent  on  the  structure  of  the  soil  tested.  It  is  not  surprising, 
then,  that  two  different  curves  were  found  from  the  results  of  the  CFS 
tests  . 


6.15  Simons  (I960),  who  performed  drained  and  undrained  triaxial 

strength  tests  on  normally  consolidated  and  over -consolidated  specimens 
of  an  Oslo  clay,  also  shows  a  separation  of  compressive  strength-moisture 
content  curves  for  these  two  conditions.  This  work  lends  weight  to  the 
argument  that  separation  of  the  compressive  strength  curves  is  due  to 
structural  differences  within  a  given  type  of  soil. 


■ 
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6.16  Consideration  of  the  composite  test  results  presented  in 

FIGURE  D„,l,  APPENDIX  D,  also  tends  to  confirm  the  preceding  arguments. 
Compressive  strength  versus  moisture  content  curves  from  normally  con¬ 
solidated  specimens  are  adjacent  to  curves  from  over -consolidat ed 
specimens .  The  distance  between  the  two  curves  may  be  a  measure  of 
the  structural  differences  resulting  from  over  consolidation.  It  is 
seen  that  this  distance  is  smaller,  in  FIGURE  D.l,  for  the  CFS  test 
results  than  the  distance  between  the  curves  where  a  relatively  large 
over -consolidat ion  ratio  has  been  investigated  (OCR  from  3  to  8) . 


6.17 


One  additional  factor  must  be  mentioned  here  which  may 


affect  the  displacement  of  the  compressive  strength  curves  obtained 
from  the  CFS  test.  At  any  given  strain,  a  jump  from  the  high  <3  ]_ 
curve  to  the  low  O  \  curve  is  associated  with  a  volume  change  re¬ 
sulting  from  forcing  a  small  quantity  of  water  into  the  specimen. 

Taylor  (1948,  P.  382,  footnote)  states  that  "resistance  to  volume  in¬ 
crease  and  probably  other  phenomena  have  some  effect  on  the  position 
of  these  lines."  The  phrase  "these  lines"  refers  to  lines  representing 
stresses  at  failure  on  a  void  ratio-logarithm  of  stresses  plot  and  thus 
includes  compressive  strength  lines.  Resistance  of  the  specimen  to 
volume  increase  under  axial  stress  probably  does  contribute  to  the 


displacement  of  the  compressive  strength  lines  from  the  CFS  tests 


A 


further  analysis  of  this  factor  is,  however,  not  possible  and  thus  must 
be  accepted  simply  as  a  possible  contributing  factor. 

6.18  FIGURE  VI. 19  contains  the  compressive  strength  lines  for 


the  remoulded  soils  tested  when  0  1 


With  the  exception  of 


. 
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the  sodium  soil,  all  strength  lines  are  essentially  parallel.  The  re¬ 
sults  of  strength  test  performed  by  Rosengvist  (1955)  on  homionic 
modifications  of  a  given  clay  illustrated  that  different  cations  simply 
shifted  the  compressive  strength  line  up  or  down  with  the  lines  re¬ 
maining  parallel,  independent  of  the  size  of  the  cation.  The  work 
of  Locker  (1963)  showed  that  the  position  and  slope  of  this  line  was 
also  a  function  of  the  salt  content  of  the  pore  water,  particularly 
for  sodium  modified  soils, 

6 o 19  The  calcium,  magnesium  and  potassium  modifications  of  this 

program  had  approximately  the  same  salt  concentrations  in  the  pore 
water  and  thus  the  positions  of  these  strength  lines  on  this  plot  may 
be  considered  a  function  of  the  type  of  cation  adsorbed.  Locker's 
work  showed  that  the  position  of  the  strength  line  for  the  homionic 
calcium  clay  moved  downward  with  increasing  salt  content.  As  the 
natural  remoulded  clay  tested  in  the  program  of  this  thesis  was  pre¬ 
dominantly  calcium  saturated  and  had  a  high  salt  content,  its  strength 
line  on  FIGURE  VI. 19  is  in  the  expected  position  relative  to  that  of 
the  calcium  soil  strength  line, 

6.20  Locker  also  pointed  out  that  the  slope  of  the  strength  line 

for  a  sodium  modified  clay  flattened  with  increasing  salt  content.  The 
strength  line  for  the  sodium  modified  soil  of  this  program  fits  extremely 
well  into  the  plot  of  moisture  content  versus  compressive  strength  pre¬ 
sented  by  Locker  (1963,  p.  44) ,  The  sodium  soil  used  for  the  program 
of  this  thesis  had  the  lowest  salt  content  of  all  soils  prepared.  If 
the  salt  content  were  increased  to  correspond  to  that  found  in  the  other 
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modified  soils  of  this  program,,  the  strength  line  would  flatten  and, 
as  suggested  by  Locker's  plot,  become  parallel  to  the  other  lines  shown. 


Mohr  Diagrams 

6.21  The  Mohr  Diagram  is  usually  used  to  represent  stress  conditions 

at  failure  within  a  soil  mass.  The  Mohr  failure  envelope  is  the  line 

representing  the  locus  of  points  showing  stress  conditions  on  the 

failure  plane.  The  Coulomb -Hv or s lev  failure  equation,  which  forms  the 

basis  for  calculation  of  cohesion  and  friction  at  any  strain  during 

the  CFS  test,  is  simply  the  equation  of  a  Mohr  failure  envelope.  The 

line  of  reasoning  followed  by  Schmertmann  (1960)  to  justify  the  use  of 

this  equation  at  any  strain  reads  as  follows: 

“Since  a  Mohr’s  circle  represents  any  two-dimensional 
stress  condition  of  equilibrium,  it  can  be  used  at 
any  strain  value  before  failure  is  reached  with  the 
same  validity  as  at  the  failure  condition  conventionally 
chosen.  The  envelope  formed  by  the  points  of  tangency 
to  the  Mohr  circles  representing  intergranular  stresses 
at  a  point  for  a  given  value  of  strain  can  be  used 
to  find  the  cohesion  and  friction  at  that  strain. 

If  the  Mohr  circles  for  different  intergranular 
stresses  are  all  found  at  the  same  soil  structure, 
the  cohesion  and  angle  of  internal  friction  are 
obtained . " 


6.22  Schmertmann ' s  reasoning  leading  to  the  determination  of 

cohesion  and  friction  at  any  strain  must  be  clearly  kept  in  mind  as 
methods  of  interpretation  of  data  presented  in  the  following  paragraphs 
differ  in  certain  respects  from  this  approach.  Methods  of  interpretation 
of  shear  strength  data  outlined  in  Chapter  II  will  be  referred  to  and 
the  difference  between  these  and  the  CIS  test  analysis  noted. 


6.23 


FIGURES  VI . 20  to  VI. 25  are  Mohr  Diagrams  which  contain  failure 


MOHR  DIAGRAM 
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stress  circles  from  the  CFS  tests  performed  for  this  program.  One 
CFS  test  yields  two  failure  stress  circles;  one  from  the  high  n  ± 
curve  and  one  from  the  low  <7  ]_  curve.  Failure,  defined  as  maximum 
deviator  stress,  did  not  normally  occur  at  the  same  strain  for  both 
curves  (see  TABLE  V.l),  thus  the  soil  structures  at  failure  are  not 
the  same.  Therefore,  an  analysis  based  on  these  circles  cannot  be 
expected  to  yield  the  same  results  as  a  CFS  test  analysis. 

Mohr -Coulomb  Analysis 

6.24  An  effective  stress  analysis  of  the  results  from  consolidated- 

undrained  tests  on  normally  consolidated  soils  based  on  the  Mohr - 
Coulomb  failure  criterion  theoretically  yields  a  strength  envelope 
whose  slope  is  01  and  whose  shear  strength  intercept  is  zero.  Friction 
angles  (  0  )  determined  by  Thomson  (1963)  and  Locker  (1963)  on  modified 

soils  similar  to  those  used  for  this  program  are  presented  in  TABLE 

VI. 1,  Columns  2  and  3.  Zero  shear  strength  intercepts  were  not  generally 
found  although  the  magnitudes  of  these  intercepts  were  relatively  small. 

A  Mohr -Coulomb  analysis  of  the  stress  circles  obtained  from  the  O  ^ 

~  j  stress -strain  curves  of  the  CFS  tests  yields  the  angles  desig¬ 
nated  as  in  TABLE  VI. 1,  Column  1. 

6.25  It  is  felt  that  a  comparison  between;.'  and  0"  is  justified 
by  the  following  reasoning.  A  study  of  the  data  from  undrained  strength 
tests  performed  by  Thomson  (1963)  and  Locker  (1963)  indicates  that  the 
ratio  of  a  f/a  at  failure  is  generally  in  the  order  of  1.10  to 
1.50,  the  larger  value  corresponding  to  tests  performed  at  low  cexl 
pressures.  This  ratio  for  the  CFS  tests  of  this  program  was  generally 
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equal  to  or  slightly  greater  than  one.  Apart  from  this  difference, 
conditions  obtaining  at  failure  described  in  terms  of  moisture  con¬ 
tent  and  maximum  deviator  stress  are  similar .  This  reasoning,  in 
effect,  assumes  a  single,  linear  relationship  between  moisture  content 
and  the  logarithm  of  compressive  strength  for  a  given  normally  con¬ 
solidated  soil  tested  in  accordance  with  either  undrained  or  CFS  test 
procedures.  This  assumption  is  not  unreasonable  and  thus  a  comparison 
appears  in  order. 

6.26  The  angles  obtained  from  an  analysis  of  the  CFS  data  are  in 
the  same  order  of  magnitude  as  those  from  undrained  tests.  The  differ¬ 
ences  are  relatively  small  and  the  comparison  may  be  considered  quite 
good.  Variations  shown  between  the  compared  angles  may  be  due  to 
small  differences  in  the  clay  soils  used,  in  the  salt  contents  of  the 
pore  water  and  in  the  degree  of  saturation  of  the  exchange  complex  with 
a  given  cation. 

6.27  Composite  results  from  consolidated  undrained  strength  tests 
on  Lake  Edmonton  clay  performed  for  the  Graduate  boil  Mechanics  Labo¬ 
ratory  Course  at  the  University  of  Alberta,  Edmonton,  are  plotted  in 
the  form  of  a  modified  Mohr  diagram  in  FIGURE  D.2,  APPENDIX  D.  The 
friction  angle  determined  from  this  plot  is  given  in  TABLE  VI. 1, 

Column  4.  The  CFS  test  result  is  seen  to  be  slightly  lower.  The  CFS 
test  results  plotted  on  this  figure  are,  however,  within  the  main 
mass  of  points  and  thus  both  types  of  test  appear  to  yield  similar  re¬ 
sults  in  this  form. 

6.28  FIGURE  D.  1,  APPENDIX  D,  presents  the  composite  results  and 
the  CFS-test  results  on  a  moisture  content  versus  log  compressive 


strength  plot  and  essentially  illustrates  the  same  point  as  contained 
in  the  preceding  paragraph.  That  is,  a  strength  analysis  of  CFS 
test  results  in  the  conventional  undrained  test  manner  will  yield 
similar  relationships. 

Krey-Tiedemann  Analysis 

6.29  The  results  of  a  Krey-Tiedemann  analysis  performed  on  the 
CFS  failure  stress  circles  are  presented  in  TABLE  VI. 1,  Columns  6  and 

7 .  The  angles  of  shear  strength  obtained  from  this  analysis  are  herein 
referred  to  as  0'r  and  0 ' c  .  The  0'r  should  not  be  expected  to  compare 
exactly  with  0€  obtained  from  the  CFS  test  (columns)  for  the  reason 
outlined  in  Paragraph  6.18.  It  is  seen  that  0'r  is  consistently  less 
than  0€  . 

6.30  Cohesion  intercepts  were  obtained  by  extending  the  average 
tangent  lines  (slope  tan  0'r)  to  the  shear  strength  ordinate.  The 
Krey-Tiedemann  cohesion  line  was  then  found  by  plotting  the  cohesion 
intercepts  against  the  corresponding  consolidation  pressures.  The 
slope  of  this  line  is  tan  0'c  .  This  line  should  pass  through  the 
origin  as  should  the  Mohr-Coulomb  failure  envelope.  It  is  seen,  how¬ 
ever,  that  both  lines  have  approximately  the  same  intercept  for  each 
soil  type  tested. 

6.31  Schmertmann  (1960),  in  a  Mohr-Coulomb  analysis  of  his  CFS 
test  data,  also  found  that  the  envelopes  did  not  plot  in  the  conventiona 
manner.  The  fact  that  the  envelopes  did  not  pass  through  the  origin  was 
attributed  to  the  effects  of  extrusion  preconsolidation,  membranes 

and  the  net  effect  of  internal  and  external  drains.  Machine-extruded 
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specimens  were  not  used  for  this  program  and  thus  this  effect  is  non- 
existant .  The  latter  two  effects  may  contribute  to  the  unconventional 
intercepts  although  it  is  difficult  to  accept  these  effects  as  being 
solely  responsible. 


6.32  A  Krey-Tiedemann  analysis  cannot  yield  exactly  the  same  co¬ 

hesion  intercepts  and  thus  cohesion  angles  as  would  an  analysis  of 
CFS  data  at  strains  near  maximum  deviator  stress  because  of  structural 
differences  described  earlier.  It  is  of  interest,  however,  to  make  a 
simple  comparison  of  cohesion  angles  from  these  two  methods  of  analysis 
A  plot  of  cohesion  at  failure  from  the  CFS  test  data  versus  consolida¬ 
tion  pressure  (similar  to  FIGURE  VI. 13)  yields  an  average  cohesion 
angle  of  8°  within  a  range  of  7  to  11°.  The  average  0'c  from  the  Krey- 
Tiedemann  analysis  on  the  remoulded  soils  tested  is  7.5  within  a  range 
of  6.5  to  8.8°.  The  analysis  on  the  undisturbed  clay  was  excluded 
from  these  figures  because  only  one  test  was  performed.  The  agree¬ 
ment  can  be  considered  quite  good.  The  essential  difference  between 
the  true  CFS  analysis  and  the  Krey-Tiedemann  analysis  is  that  the 
former  determines  cohesion  and  friction  at  a  given  strain  with  the 
minimum  possible  structural  difference  whereas  the  latter  does  not 
specifically  take  strain  or  structure  into  consideration. 


Act ivit y 

6.33  A  general  review  of  the  CFS  test  data  indicates  that  the  sodium 

modification  has  the  least  desirable  characteristics  while  the  potassium 
soil  would  appear  to  be  the  least  troublesome  for  general  soils  engineer¬ 
ing  purposes.  A  calculation  of  the  activity''  of  the  soils  of  this 

*  Activity  is  defined  as  the  numerical  value  of  the  ratio  of  plasticity 
index  to  percent  sizes  less  than  .002  mm. 
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program,  using  the  limit  values  of  Hamilton  (1961),  yields  the  following 
values:  remoulded  clay,  1.05;  calcium,  1.06;  magnesium,  1.02;  sodium, 

1.02;  and  potassium,  0.65.  It  is  of  interest  to  note  that  the  activity 
value  for  the  sodium  modified  soil  does  not  indicate  the  presence  of 
the  undesirable  characteristics.  The  low  value  for  potassium  does, 
however,  suggest  a  less  plastic  behavior  relative  to  the  other  modifi¬ 
cations  of  this  program. 

Summary 

6.34  This  chapter  dealt  withthe  results  of  the  CFS  tests  performed 
for  this  program.  Cohesion  was  shown  to  peak  at  low  strains  whereas 
maximum  friction  occurred  at  considerably  higher  strains  for  all  soils 
tested  except  the  sodium  modifications,  where  the  reverse  was  found  to 
occur.  The  mobilized  cohesion  appeared  to  be  dependent  on  the  consoli¬ 
dation  pressure  and  independent  of  the  adsorbed  cations.  On  the  other 
hand,  the  angle  of  internal  friction  seemed  to  be  related  to  the  type 
of  cation  adsorbed  and  independent  of  the  consolidation  pressure. 

6.35  Linear  relationships  between  the  logarithm  of  the  consolida¬ 
tion  pressure,  the  compressive  strength,  the  peak  cohesion  and  their 
associated  moisture  contents  were  demonstrated.  The  CFS  test  was 
shown  to  yield  two  parallel  compressive  strength  lines,  one  for  the 
condition  of  normal  consolidation  and  one  for  slight  over  consolida¬ 
tion.  Structural  differences  and  the  resistance  of  a  specimen  to 
volume  increase  under  axial  stress  were  given  as  possible  causes  of  the 
occurrence  of  two  separate  lines . 

6.36  A  comparison  of  the  compressive  strength  lines  for  the 
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soils  of  this  program  indicated  that  the  type  of  adsorbed  cation  affects 
the  position  of  these  lines  by  shifting  them  up  or  down  on  the  com¬ 
pressive  strength  -  moisture  content  plot. 

6.37  A  Mohr -Coulomb  analysis  performed  on  the  CFS  test  data  yield¬ 
ed  effective  friction  angles  comparable  to  those  obtained  from  con¬ 
solidated  uridrained  strength  tests  on  similarly  modified  soils.  Com¬ 
parison  on  a  compressive  strength-moisture  content  plot  of  CFS  test 
data  with  composite  results  from  previous  undrained  test  investigations 
on  the  remoulded  Edmonton  clay  also  showed  excellent  agreement. 

6.38  A  Krey-Tiedemann  analysis  was  also  performed  on  the  CFS  test 
data.  The  slope  of  the  Krey-Tiedemann  cohesion  line  was  shown  to  be 
similar  in  magnitude  to  the  average  slope  of  a  line  determined  from  a 
plot  of  cohesion  at  failure  from  the  CFS  data  versus  consolidation 
pressure . 

6.39  The  value  of  activity  for  the  sodium  modification  did  not 
suggest  the  presence  of  the  undesirable  characteristics  displayed  by 


this  soil. 


CHAPTER  VII 


DISCUSSION  OF  RESULTS 


Introduction 

7.1  It  is  apparent  from  the  physico-chemical  concepts  presented 

in  Chapter  II  that  the  source  and  nature  of  shearing  strength  of  co¬ 
hesive  soils  is  open  to  considerable  discussion.  The  concepts  presented 
in  this  chapter  will  contain  ideas  from  many  postulates  and  are  certain¬ 
ly  open  to  criticism.  An  attempt  will  be  made,  however,  to  form  a 
trend  of  thought  that  will  account  for  the  shear  strength  observa¬ 
tions  arising  from  this  research  program. 


Physico-Chemical  Effects  on  Shear  Strength 

7.2  It  is  first  appropriate  to  review  the  physico-chemical  vari¬ 

ables  present  in  this  program.  The  factors  which  Lambe  (1958)  considers 
to  decrease  the  shear  strength  of  a  clay  soil  were  presented  in  Para¬ 
graph  2.19,  but  are  repeated  here  for  convenience  in  discussion.  They 
are : 

1.  Cation  exchange  from  high  to  low  valence 

2.  Exchange  from  a  cation  of  small  hydrated  radius 
to  a  cation  of  large  hydrated  radius 

3.  Increase  in  water  content 

A.  Reduction  of  electrolyte  concentration 

5.  Increase  of  dielectric  constant  of  pore  fluid 

6.  Increase  of  pH  of  pore  fluid 

7.  Decrease  of  temperature 


7.3  The  effect  of  cation  exchange  from  a  high  to  low  valence 

can  be  evaluated  from  the  results  of  this  program  as  calcium  and  mag- 
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nesium  (valence  of  2),  sodium  and  potassium  (valence  of  1)  modified 
soils  were  prepared.  The  soil  used  in  preparation  of  all  the  modifi¬ 
cations  is  basically  the  same.  Variation  in  test  results  can  then  be 
partly  attributed  to  changes  in  the  adsorbed  cation  complex. 

7.4  A  complicating  factor  arises,  however,  as  the  soils  produced 
were  on  an  average  90  70  saturated  with  a  given  cation.  Thomson,  (1963) 
postulated  that  the  presence  of  a  small  quantity  of  adsorbed  magnesium 
cations  may  enhance  the  effects  of  adsorbed  sodium  and  possibly  calcium. 
The  results  of  the  exchange  capacity  analyses  presented  in  TABLE  IV. 1 
give  the  impression  that  the  magnesium  cation  is  most  difficult  to 
replace  as  all  modifications  retained  a  high  proportion  of  the  originally 
adsorbed  magnesium  cations.  It  is  not  possible  to  determine  the  effects, 
if  any,  that  these  magnesium  cations  may  have  on  the  results  of  this 
program  but  it  should  be  recognized  as  a  possible  complicating  factor. 

7.5  Exchange  from  a  cation  of  small  hydrated  radius  to  a  cation  of 
large  hydrated  radius  is  also  a  factor  that  may  be  considered  for  this 
program.  The  sequence  of  the  cations  used  in  order  of  increasing  hydrated 
radius  is  K,  Na,  Ca  and  Mg.  The  cations  in  the  diffuse  double  layer 

are  in  a  state  of  continuous  motion  (Grim,  1953)  and  thereby  promote 
disorder  in  this  layer.  The  size  of  the  hydrated  cation  partly  governs 
the  degree  of  disorder  and  thus  the  extent  of  the  diffuse  double  layer. 

It  is  believed  by  some  authors  (Grim  and  Cuthbert,  1945)  that  the  sodium 
cation  does  not  hydrate  in  the  diffuse  double  layer  thus  allowing  a  re¬ 
latively  large  diffuse  double  layer  to  form.  This  postulate  has  been 
accepted  in  the  discussion  of  sodium  diffuse  double  layers  in  this 
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Chapter.  Discussion  of  the  nature  of  the  diffuse  double  layers  for  the 
soil-water  systems  of  this  program  is  resumed  in  Paragraph  7.20, 


7.6  The  effect  of  moisture  content  on  compressive  strength  was 

evaluated  by  means  of  a  plot  with  these  coordinates.  Moisture  content 
is  not  a  constant  during  the  performance  of  a  CFS  test  but  was  shown  to 
be  a  function  of  strain  and  the  constant  major  principal  effective 
stress  chosen.  As  the  rate  of  change  of  moisture  content  with  strain 
was  shown  to  be  small  after  attaining  maximum  deviator  stress  and  all 
tests  after  the  first  two  were  stopped  shortly  after  attaining  maximum 
deviator  stress,  the  evaluations  made  were  considered  in  order  (Para¬ 
graph  5.8). 


7.7 


The  pore  water  salt  concentration  within  a  given  series  of 


tests  on  any  one  modification  was  a  constant  in  this  program.  Hence 
this  is  not  a  significant  factor  in  this  program. 

7.8  Effects  of  changes  in  the  dielectric  constant  of  the  pore 

fluid  are  negligible  for  the  purposes  of  this  program  as  distilled 
water  was  used  throughout . 


7.9  Determinations  of  pH  were  not  made  during  this  program. 

Locker  (1963,  p.59)  indicated  that  pH  likely  had  a  very  minor  influence 
on  results  of  tests  on  the  soil  of  his  program.  As  essentially  the 
same  soil  was  used  for  this  program,  pH  is  not  considered  to  be  a 
factor  contributing  to  strength  differences  reported  herein. 


7.10  Recent  research  by  Semchuk  (1962)  showed  that  temperature 


was  not  a  significant  factor  for  the  soil  used  in  this  program  in  Its 
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natural  remoulded  state. 


7.11  The  main  variables  that  will  affect  the  results  of  a  given  CFS 

test  within  a  series  on  a  specified  modification  are  thus  the  type  of 
adsorbed  cation  and  the  moisture  content. 


Consolidated  Clay-Water  Systems 

7.12  Paragraphs  2.16  and  2.17  very  briefly  described  the  nature 

of  the  soil-water  system  and  the  various  electrical  forces  present  in 
this  system.  It  was  shown  that  both  attractive  and  repulsive  forces 
exist.  Lambe  (1953,  p.21,22)  presents  a  number  of  curves  of  total 
potential  (net  effect  of  attractive  plus  repulsive  forces)  versus 
distance  between  plates  (or  particles)  that  may  apply  to  soil-water 
systems  under  various  conditions.  For  the  purposes  of  this  discussion, 
the  plot  presented  in  FIGURE  VII. 1  will  be  used.  The  reason  for  choosing 
this  curve  will  become  apparent  by  the  line  of  thought fol lowed . 


Tot  a  1 

Potential 

Energy 


FIGURE  VII . 1  Interparticle  Spacing 


as  a  Function  of  Forces 
(after  Lambe,  1953) 


■ 
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Soil-Water  Systems  at  the  Liquid  Limit 

7=13  Since  the  liquid  limit  is  the  water  content  at  a  small  but 

measurable  shear  strength,  Lambe  (1953,  p.27)  indicates  that  it  approxi¬ 
mates  an  upper  limit  of  immobilized  water.  As  the  liquid  limit  is 
determined  under  a  confining  pressure  of  zero,  it  appears  to  be  a  measure 
of  the  net  attractive  forces  present  in  the  soil-water  system  under  the 
stresses  imposed  by  determination  of  the  liquid  limit.  The  average 
distance  between  the  clay  minerals  at  this  moisture  content  is  relatively 
large  and  thus  one  might  consider  Michaels'  concept  (Paragraph  2.13)  of 
pore  and  adsorbed  water  to  be  applicable  here.  Michaels'  felt  that  the 
water  present  in  the  system  allowed  interparticle  forces  to  occur  over 
relatively  large  distances.  Lambe  (1953)  indicates  that  attractive 
forces  predominate  at  large  distances  since  repulsive  forces  decrease 
with  increasing  distance  at  approximately  an  exponential  rate  whereas 
attractive  forces  decrease  as  the  square  of  the  distance.  Thus  attractive 
forces  will  be  larger  than  the  repulsive  forces  for  very  large  and  very 
small  int erpar t ic le  distances.  The  preceding  reasoning  appears  to 
justify  the  net  attractive  force  shown  in  FIGURE  VII. 1  by  the  distance 


X. 

7.14  The  writer's  picture  of  the  soil-water  system  near  the  liquid 

limit  is  one  in  which  some  double  layer  overlapping  occurs.  The  largest 
portion  of  the  water  present  in  the  system  is,  however,  thought  to  be  in 
a  free  state  (pore  water)  as  opposed  to  the  adsorbed  water. 


Consolidation 


7.15 


As  consolidation  progresses  under  an  external  pressure,  water 
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is  expelled  from  the  system.  More  double  layers  will  interact  and 
thus  the  repulsive  forces  between  the  soil  particles  (clay  mineral 
plus  the  double  layer)  increase.  Attractive  forces  also  increase 
but,  as  shown  in  the  preceding  paragraph,  do  so  at  a  slower  rate. 

When  equilibrium  conditions  are  reached,  the  externally  derived  effective 
stress  plus  the  electrical  attractive  forces  (considering  a  unit  area) 
are  equal  to  the  electrostatic  repulsion.  Average  particle  spacing 
associated  with  consolidation  pressures  of  this  program  may  be  con¬ 
sidered  to  be  within  the  distance  indicated  Y  in  FIGURE  VII. 1, 

7.16  Structural  changes  also  accompany  consolidation  under  external 

pressures.  The  rearrangement  of  soil  particles  from  a  random  array 
toward  a  more  orderly  array  contributes  to  compression  (Lambe,  1958). 
Shear  strains  must  occur  on  a  microscopic  level  due  to  this  rearrange¬ 
ment.  Particle  spacing  and  particle  orientation  thus  adjust  until 
electrical  equilibrium  is  established  under  the  external  pressure. 


7.17  Lambe  (1958)  indicates  that,  in  the  average  natural  clay 

that  the  engineer  encounters,  essentially  all  the  water  is  within  the 
double  layer.  Grim  (1958)  also  states  that  "in  concentrated  clay-water 
systems  as  in  a  plastic  clay  mass,  the  nature  of  the  adsorbed  water 
is  of  extreme  importance  in  determining  properties  because  all  or  almost 
all  of  the  water  is  nonliquid".  The  lowest  confining  pressure  used 
for  this  program  was  1.6  kg/sq.cm,  which  may  be  associated  with  approxi¬ 
mately  32  feet  of  overburden.  Assuming  that  clays  at  this  depth  fall 
into  the  category  of  "the  average  natural  clay  or  a  plastic  clay  mass  , 
it  appears  that  the  majority  of  the  water  expelled  during  triaxial 
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consolidation  of  the  specimens  of  this  program  was  adsorbed  water. 

From  these  cons iderat ions ,  the  consolidated  soils  of  this  program  can 
be  pictured  as  a  dense  mass  of  interwoven  double  layers  with  possible 
mineral  to  mineral  contacts. 

Characteristics  of  Soil-Water  Systems 

7.18  The  statement  that  "the  greater  the  attractive  force,  the 
greater  the  shear  strengths  the  greater  the  repulsive  forces,  the  lower 
the  shear  strength"  (Lambe,  1958)  is  not  very  clear  since  the  relation 
between  attractive  and  repulsive  forces  and  the  shear  strength  may  be 
interpreted  in  two  ways.  For  a  given  soil  system,  the  greater  the 
external  force,  the  greater  the  repulsive  forces  and,  since  a  decrease 
in  void  ratio  occurs,  the  shear  strength  will  also  be  larger.  The  mag¬ 
nitude  of  the  repulsive  forces  are  dependent,  however,  on  system  character¬ 
istics,  i,e.,  the  nature  of  the  double  layer.  Thus  large  double  layer 

may  be  associated  with  large  repulsive  forces,  a  relatively  large  void 
ratio,  and  thus  low  strengths.  Under  a  given  external  pressure,  however, 
attractive  forces  must  also  be  proportionately  large  such  that  the  net 
repulsive  force  is  consistent  with  the  external  pressure. 

7.19  TABLE  II . 1  lists  various  characteristics  of  cations  in  the 
soil-water  systems  of  this  program.  The  discussion  in  Paragraphs  7 .12 
to  7.18  purposely  omitted  inclusion  of  the  effects  of  these  cations 
as  it  was  intended  to  describe  a  system  of  general  applicability.  It 
is  now  intended  to  discuss  how  these  cations  determine  the  nature  of 
their  respective  soil-water  systems. 


7.20 


The  preceding  paragraphs  indicated  that  a  given  external 
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pressure  caused  an  equal  and  opposing  net  repulsive  force  to  arise  within 
the  soil  system.  Accepting  this,  it  follows  that  the  same  net  repulsive 
force  must  arise  in  all  clay-water  systems  if  the  external  pressures 
are  identical.  The  void  ratio  at  the  end  of  consolidation  under  a 
specified  confining  pressure  should  then  be  indicative  of  the  size  of 
the  diffuse  double  layer  and  also  the  nature  of  the  soil  structure. 

It  is  assumed  here  that  the  grain  size  distributions  of  the  systems 
compared  are  similar. 

7.21  In  order  to  apply  the  preceding  reasoning  to  the  clay-water 
systems  of  this  program,  it  is  apparent  that  some  measure  of  the  grain 
size  distribution  must  be  taken  into  account.  TABLE  VII . 1  lists  the 
void  ratios  at  the  end  of  consolidation  for  the  soils  of  this  program. 
Percent  clay  sizes  from  hydrometer  analyses  performed  by  Thomson  (1963) 
are  also  given.  These  figures  are  proportional  to  the  number  of  clay 
particles  and  thus  are  indicative  of  the  number  of  double  layers  that 
may  develop.  If  the  void  ratio  is  thought  of  as  a  measure  of  the  space 
available  in  which  the  double  layers  may  develop,  then  the  ratio  of 
void  ratio  to  percent  clay  sizes  represents  the  number  of  spaces  re¬ 
quired  for  the  development  of  a  unit  double  layer. 

7.22  As  a  dispersed  clay-water  system  has  a  lower  void  ratio  than 
the  same  clay  in  a  flocculated  system,  lower  values  of  void  ratio  to 
percent  clay  sizes  may  be  construed  as  indicative  of  a  more  dispersed 
system.  Considering  the  computed  ratios,  one  might  conclude  that  the 
potassium  modified  soil  of  this  program  is  more  dispersed  than  the 
other  soils  tested.  The  degree  of  dispersion  of  flocculation  cannot, 
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however ,  be  determined. 


7.23 


It  is  not  surprising  that  a  potassium  modified  soil  should 


demonstrate  a  relatively  dense  system.  The  size  of  the  potassium 
cations  are  such  that  they  just  fit  into  crystal  lattice  structure 
formed  by  the  bases  of  the  tetrahedrons.  This  selective  process  is 


known  as  "potassium  fixation" .  The  result  of  this  fixation  process 


is  a  partial  satisfaction  of  the  clay  mineral  negative  surface  charge 
with  a  disproportionately  small  contribution  to  the  thickness  of  the 
double  layer.  Some  hydrated  potassium  cations  are,  however,  adsorbed 
but  because  the  potassium  cations  have  a  relatively  small  hydrated  radius 
(TABLE  II „ 1)  their  contribution  of  the  thickness  of  the  double  layer  is 
also  relatively  small.  Thus  the  tight  interparticle  bonds  proposed 
by  Grim  (1953,  1958)  are  not  difficult  to  imagine. 


7.24  It  was  indicated  earlier  (Paragraph  6.20)  that  an  increase  in 

salt  content  of  the  pore  water  of  the  sodium  modification  would  re¬ 
sult  in  a  considerable  decrease  in  moisture  content,  or  void  ratio, 
at  a  given  consolidation  pressure.  Locker's  work  (1963,  p.72)  in¬ 
dicates  that,  at  a  salt  content  comparable  to  those  of  this  program 
(  7  me/100  gms  .  a.d.s.),  a  void  ratio  of  approximately  1.30  could  be 
expected.  Using  this  figure  instead  of  1.69,  a  value  of  1.91  is  obtained 
for  the  value  of  void  ratio  to  percent  clay  sizes.  Comparing  the  four 
modifications  at  similar  salt  contents  now  indicates  that  the  sodium 
modification  is  the  more  dispersed  system,  calcium  and  magnesium  are 
more  flocculated  systems  and  potassium  is  inbetween  these.  This  order 
is  compatible  with  that  shown  in  TABLE  II. 1. 
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7.25  The  observations  drawn  from  consideration  of  the  ratios  given 
in  TABLE  VII. 1  might  be  considered  purely  analytic  as  the  results  of 
hydrometer  analyses  vary  with  method  of  pre -treatment  and  dispersing 
agent  used.  The  percent  clay  sizes  for  the  first  five  soil  types  listed 
were,  however,  all  determined  by  Thomson  (1963)  the  pre-treatment  and 
dispersing  agent  used  being  the  same  for  all  determinations.  For  these 
reasons,  the  percent  clay  sizes  shown  should  be  representative  of  the 
relative  amounts  in  the  soils  listed  thus  the  observations  of  the  pre¬ 
ceding  paragraphs  do  not  appear  to  be  invalidated, 

7.26  The  analysis  made  in  Paragraph  7.22  indicated  that  the  calcium, 
magnesium,  and  sodium  modifications  and  the  natural  clay  may  have  soil- 
water  systems  tending  toward  the  flocculated  condition.  Adsorbed 
calcium  and  magnesium  cations  in  a  soil-water  system  are  associated 
with  thin  double  layers  and  a  sharp  transition  to  non-oriented  water 
whereas  adsorbed  sodium  cations  are  associated  with  relatively  thick 
double  layers  and  a  gradual  transition  to  free  water.  It  would  appear 
that  the  former  cations  may  generate  flocculated  soil-water  systems 

but,  as  sodium  systems  are  generally  considered  to  be  of  a  dispersed 
nature,  the  postulates  presented  based  on  the  value  of  void  ratio  to 
percent  clay  sizes  appear  inconsistent  in  the  case  of  the  sodium  modi¬ 
fication  . 

7.27  It  is  felt,  however,  that  the  reasoning  based  on  the  calculated 
ratios  must  be  applied  to  either  the  sharp  or  the  gradual  transitions 

of  the  adsorbed  water  but  not  both.  This  would  explain  why  it  appeared 
to  apply  when  all  modifications  were  compared  at  the  same  pore  water 
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salt  content  (Paragraph  7.24).  At  this  salt  content  (approximately 
7  me/100  gms „  a.d.s.)  the  sodium  oriented  layer  is  probably  suppressed 
in  such  a  way  that  the  transition  to  non-oriented  water  is  relatively 
abrupt .  Thus  the  apparent  anomaly  is  explained  and  the  proposal  of  a 
dispersed  sodium  soil-water  system  at  the  salt  content  of  this  program 
is  not  unreasonable.  If  this  is  accepted,  then  a  comparison  of  the 
ratio  of  the  void  ratio  to  percent  clay  sizes  for  the  sodium  soil  of 
this  program  to  that  at  the  higher  salt  content  indicates  that  the 
former  must  have  a  larger  diffuse  double  layer.  The  association  of 
a  large  double  layer  at  very  low  salt  contents  for  the  sodium  modified 
soils  is  consistent  with  the  findings  of  Thomson  (1963)  and  Locker 
(1963)  . 


Considerations  of  Cohesion 

7.28  Cohesion  has  been  variously  considered  as  an  intrinsic  pressure 

or  the  result  of  plastic  deformations  (Chapter  II).  In  this  chapter, 
soil-water  systems  have  been  described  mainly  in  terms  of  net  electrical 
forces  and  thus  this  concept  will  be  maintained  in  a  consideration  of 
cohesion . 


7.29  When  a  soil  specimen  is  consolidated  in  the  triaxial  cell 

some  clay  mineral  reorientation  must  take  place.  On  a  microscopic 
scale  this  must  be  accompanied  by  shear  stresses  and  strains.  This 
can  be  thought  of  as  a  reorganization  of  the  electrical  attractions 
and  repulsions.  After  some  time,  an  equilibrium  is  established  at  a 
reduced  void  ratio  which  is  compatible  with  the  external  confining 


pressure . 


,  ; 
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7.30  It  was  previously  postulated  that  the  external  confining 

pressure  and  the  internal  net  repulsive  forces  were  equal.  As  the 
peak  cohesion  measured  during  a  CFS  test  was  found  to  be  a  function 
of  the  consolidation  pressure,  it  appears  that  this  peak  cohesion 
is  a  measure  of  the  net  repulsive  forces  that  arise  due  to  the  con¬ 
solidation  pressure, 

7o31  If  this  is  the  case,  the  cohesion  should  be  independent  of 

system  characteristics  such  as  the  type  of  adsorbed  cation  or  the  con¬ 
centration  of  the  salts  in  the  pore  water.  For  the  soils  of  this  program, 
this  appears  to  be  true.  Cohesion  was  shown  to  be  directly  related 
to  the  confining  pressure  and  appeared  to  be  relatively  unaffected  by 
system  characteristics. 


7,32  The  peak  cohesion  measured  in  the  CFS  test 

of  as  the  inertia  of  the  established  soil-water  syst 
strains.  As  the  specimen  prior  to  the  CFS  test  has 
under  a  given  consolidation  pressure  a  certain  unit 
must  be  required  to  overcome  this  stable  condition, 
cohesion  is  considered  to  reflect  this  required  pres 


may 

be  thought 

em  to 

imposed  shear 

come 

to  equilibrium 

force 

or  pressure 

Thus 

the  peak 

sure. 

7,33  Once  the  inertia  of  the  system  has  been  overcome,  cohesional 

resistance  decreases  slightly  and  then  continues  to  decrease  slowly  as 
a  function  of  strain.  The  cohesional  resistance  at  high  strains  (in 
excess  of  8  to  10%)  still  appeared  to  be  related  to  the  consolidation 
pressure  (FIGURE  VI. 13),  Because  this  resistance  continues  to  de¬ 
crease  slowly  with  strain,  there  appears  to  be  a  cohesion-to-fr iction 
transfer  as  measured  which  is  primarily  a  function  of  strain.  As 
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cohesion  is  pictured  as  an  electrostatic  manifestation  and  friction 
is  also  considered  to  be  partly  so  (described  in  the  following  para¬ 
graphs),  this  transfer  may  simply  be  a  mechanical  separation  arising 
from  the  test  technique. 

Considerations  of  Internal  Friction 

7.34  Rosenqvist  (1953)  has  presented  a  particularly  clear  picture 
of  the  causes  of  friction  within  a  clay  soil  (Paragraph  2.12).  Friction 
was  considered  to  be  due  to  macro-  and  micro-  dilatency  to  which  was 
added  a  non-dilatant  friction  component  which  accounted  for  electrical 
forces  arising  due  to  the  normal  stress.  It  is  felt  that  a  similar 
picture  is  applicable  to  the  frictional  component  of  shear  strength 
measured  in  the  program  of  this  thesis. 

7.35  Macro-  and  micro-  dilatency  might  be  pictured  simply  as  particle 
interference.  In  the  soils  of  this  program,  30  to  55  percent  of  the 

soil  particles  present  are  of  silt  and  sand  sizes  and  thus  one  would 
expect  some  interference  to  arise  from  interaction  of  these  particles 
during  shear  strain.  It  is  difficult  to  visualize  whether  or  not  the 
clay  particles  interfere  in  a  dilatant  manner.  It  is  felt,  however, 
that  the  clay  particles  will  interfere  with  one  another  as  a  result  of 
particle  reorientation  which  accompanies  shear  strain. 

7.36  The  particle  reorientation  which  accompanies  shear  strain 
must  be  associated  with  interparticle  forces  whose  relationship  with 
one  another  is  being  changed.  This  must  require  an  expenditure  of  work 
or  energy,  the  "amount"  of  this  work  varying  with  the  nature  of  the 
soil-water  system.  Total  mobilized  frictional  resistance  at  any  strain 
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may  thus  be  considered  the  sum  of  the  energies  used  to  overcome  particle 
interference  and  reorientation  at  that  strain, 

7.37  A  gross  measure  of  the  nature  of  the  soil-water  system  is  the 

void  ratio  and  thus  on  a  macroscopic  scale  the  work  expended  to  mobilize 
frictional  resistance  should  vary  with  the  void  ratio.  As  the  effective 
normal  stress  increases  as  the  void  ratio  decreases,  the  mobilized 
frictional  resistance  should  be  proportional  to  the  effective  normal 
stress.  The  generally  accepted  relationship  that  forms  the  basis  for 
frictional  resistance  computations  of  this  program  comes  from  the 
Coulomb -Hv or s lev  failure  equation.  This  states  that  the  frictional 
resistance  is  equal  to  the  effective  normal  stress  times  the  tangent  of 
an  ’’angle  of  internal  friction”.  Hence  the  increased  work  required  to 
mobilize  frictional  resistance  at  a  decreased  void  ratio  manifests 
itself  as  an  "angle  of  internal  friction"  on  the  Mohr  diagram. 

7 „ 38  Schmertmann ' s  reasoning  which  justified  the  use  of  the  Mohr 

diagram  at  any  strain  was  presented  in  Paragraph  6.21.  The  angle  of 
internal  friction  at  any  strain  was  defined  as  "the  angle  whose  tangent 
is  the  ratio  of  the  change  in  shear  stress  to  the  change  in  normal 
intergranular  stress  occuring  on  the  plane  of  Mohr  envelope  tangency 
at  that  strain,  during  a  stress  change  occurring  without  significant 
change  in  soil  structure".  The  various  slopes  of  the  angle  of  internal 
friction  versus  strain  plots  (FIGURES  VI. 7,  9,  11)  reflect  a  rate  of 
change  of  energy  input  (or  demand) .  That  is,  as  the  effective  normal 
stress  is  increasing  during  axial  compression,  the  effective  shear 


stress  is,  at  first,  increasing  at  a  faster  rate(0e  is  increasing). 
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As  failure  is  approached,  a  point  is  reached  such  that  the  ratio  of 
the  change  in  effective  shear  stress  to  the  change  in  effective  normal 
stress  becomes  a  constant.  This  ratio  is  the  tangent  of  the  maximum 
angle  of  internal  friction. 


7.39  On  a  microscopic  scale,  the  mobilization  of  frictional  re¬ 

sistance  was  interpreted  as  due  to  both  interparticle  interference 
and  a  reorientation  of  soil  particles  and  thus  electrostatic  forces. 

The  individual  contribution  of  either  one  of  these  factors  to  the  total 
mobilized  frictional  resistance  is  difficult,  if  not  impossible,  to 
assess . 


7  .40 


Based  on  the  CFS  tests  of  this  program,  one  might,  however, 


be  able  to  postulate  which  of  the  two  contributing  factors  appears  more 
important.  As  cohesion  was  found  to  be  similar  in  all  soils  tested  at  a 
given  confining  pressure,  a  comparison  of  the  maximum  angles  of  internal 
friction  in  conjunction  with  pertinent  system  characteristic  may  be  of 
va lue . 


7.41  Adsorbed  potassium  was  described  as  resulting  in  relatively 

thin  double  layers  and  thus,  under  a  given  confining  pressure,  a  rela¬ 
tively  dense  (low  void  ratio)  soil  specimen.  It  would  be  suspected 
that  interparticle  interference  is  a  major  portion  of  the  frictional 
resistance  mobilized.  On  the  other  hand,  adsorbed  sodium  was  associated 
with  a  relatively  large  double  layer  and  thus  a  high  void  ratio  under 
a  given  confining  pressure.  The  frictional  resistance  mobilized  may 
in  this  case  reflect  the  work  necessary  to  move  electrostatic  forces 
with  interparticle  interference  contributing  little  to  the  frictional 
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resistance . 

f 

7 .42  The  nature  of  the  transition  from  oriented  to  free  water 
may  also  be  of  some  importance.  The  well  defined  transition  boundary 
displayed  by  adsorbed  potassium  cations  may  be  much  more  difficult 

to  disrupt  by  shear  strain  than  the  more  gradual  transitional  boundary 
of  the  sodium  soil. 

7.43  Thus  the  high  angle  of  internal  friction  of  the  potassium  soils 
tested  may  be  a  manifestation  of  large  contributions  from  both  inter¬ 
particle  interference  and  electrostatic  bonds  that  resist  alteration. 

On  the  other  hand  the  low  angle  of  internal  friction  of  the  sodium  soils 
may  be  primarily  the  result  of  movement  and  breaking  of  weak  electrostatic 
bonds . 

7.44  The  double  layers  of  the  calcium,  magnesium  and  natural  soils 
tested  are  probably  slightly  larger  than  the  potassium  soils  as  the 
fixation  process  is  not  a  part  of  calcium  and  magnesium  bonding.  Thus 
the  resistance  provided  by  electrostatic  forces  may  not  be  as  strong  as 
that  in  the  potassium  soils. 

7.45  The  concept  of  frictional  resistance  being  a  combination  of 
int erpar t ic le  interference  and  reorientation  of  electrostatic  forces 
appears  to  allow  a  continuity  of  strength  theory  through  "pure"  sands 
to  "pur e" cohes ive  soils.  This  concept  is  illustrated  in  FIGURE  VII. 2. 

7.46  For  a  given  soil,  a  point  is  obtained  on  the  triangular  chart 
that  determines  the  classification  of  this  soil.  From  this  point,  a 
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FIGURE  VII. 2  SCHEMATIC  REPRESENTATION  OF  CONTRIBUTING  FACTORS  TO  FRICTIONAL  RESISTANCE  IN  SOILS 
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line  is  extended  horizontally  to  the  rectangular  chart.  The  inter¬ 
section  of  this  line  and  the  band  shown  indicates  the  approximate 
contributions  of  electrostatic  forces  and  dilatancy  to  the  frictional 
resistance  of  this  soil  to  shear.  The  curve  shows  that  at  very  low 
clay  contents,  the  dilatancy  component  is  predominant  and  at  large 
clay  contents,  the  electrostatic  forces  are  predominant. 

7.47  The  band  is  drawn  to  account  for  the  extremely  variable  nature 
of  different  soils  and  also  to  acknowledge  the  effects  of  different 
adsorbed  cations  and  salt  contents  on  a  given  type  of  soil.  The  former 
effect  may  be  illustrated  by  considering  soils  with  similar  clay  con¬ 
tents  but  different  sand  and  silt  size  contents.  An  increase  in  the 
silt  size  content  would  tend  to  increase  the  electrostatic  force  con¬ 
tribution  to  frictional  resistance.  The  latter  effect  is  illustrated 

by  the  writer's  opinion  of  the  position  of  the  soil  modifications  of 
this  program  on  the  rectangular  chart. 

7.48  The  curves  presented  are  rough  approximations,  however, 
the  concept  appears  reasonable  and  does  provide  a  logical  picture  of 
the  source  of  frictional  resistance  in  soils.  The  actual  shape  of 
the  curves  must  be  left  to  future  research. 

Cohesion  and  Friction 

7.49  The  mobilized  cohesion  appeared  to  reflect  an  electrical 
balance  which  was  considered  to  be  a  function  of  the  consolidation 
pressure  and  independent  of  system  characteristics.  Mobilized  friction, 
on  the  other  hand,  was  considered  to  be  a  manifestation  of  the  inter¬ 
particle  interference  and  reorganization  of  electrostatic  forces. 
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As  both  cohesion  and  friction  appear  to  be  a  function  of  electrostatic 
forces,  it  is  extremely  difficult  to  separate  these  two  components 
in  a  clear  manner. 

7.50  Since  the  mathematical  determination  of  cohesion  in  the  CFS 
test  procedure  is  a  function  of  the  angle  of  internal  friction,  these 
two  components  cannot  be  considered  unrelated  from  this  point  of  view. 

7.51  The  conclusion  may  be  justifiably  drawn  here  that  these  two 
components  are  interrelated  in  such  a  way  that  the  definition  of  two 
separate  components  is  unrealistic  from  a  practical  point  of  view. 
Following  this  line  of  thought,  the  strength  of  a  given  type  of  soil 
would  be  simply  defined  by  a  plot  of  the  logarithm  of  compressive 
strength  versus  moisture  content.  This  is  in  accord  with  the  proposal 
made  by  Schmid  (Paragraph  2.14)  based  on  energy  concepts. 

7.52  This  conclusion  does  not,  however,  detract  from  the  value  to 
be  derived  from  research  based  on  shear  strength  component  separation. 

The  CFS  test  appears  to  yield  mechanically  independent  components 

and  is  thus  an  ideal  research  technique  for  this  purpose.  It  is  felt 
that  research  of  this  nature  yields  a  much  clearer  picture  of  the 
mechanisms  contributing  to  the  shearing  strength  of  cohesive  soils. 
Furthermore,  it  allows  conclusions,  such  as  the  preceding  one,  to 
be  drawn . 

Summary 

7.53  This  chapter  was  concerned  with  a  physico-chemical  interpre¬ 


tation  of  the  results  of  the  CFS  tests  presented  in  Chapter  VI.  A 
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review  of  the  factors  that  may  affect  the  CFS  test  results  of  this 
program  indicated  that  the  main  variables  present  were  the  type  of 
adsorbed  cation  and  the  moisture  content. 

7.54  A  soil-water  system  at  the  liquid  limit  was  pictured  as  one 
in  which  some  double  layer  overlapping  occurred.  The  net  electrical 
force  was  considered  to  be  attractive  in  nature.  The  same  system 
under  confining  pressures  similar  to  those  used  in  this  program  was 
visualized  as  a  dense  mass  of  interwoven  double  layer  with  possible 
mineral  to  mineral  contacts.  The  consolidation  process  was  thought 
of  as  a  reorganization  of  electrical  attractions  and  repulsions.  It 
was  postulated  that  a  given  external  pressure  caused  an  equal  and 
opposite  net  electrical  repulsive  force  to  arise  within  all  clay- 
water  systems . 

7.55  The  numerical  value  of  the  ratio  of  void  ratio  after  con¬ 
solidation  to  the  percent  clay  sizes  was  considered  to  represent  the 
number  of  spaces  required  for  the  development  of  a  unit  double  layer. 

Lower  values  of  this  ratio  were  thought  to  be  indicative  of  a  re¬ 
latively  dispersed  system  and  larger  values  to  be  indicative  of  a 
relatively  flocculated  system.  Taking  into  consideration  the  type 

of  adsorbed  cation  and  the  nature  of  its  diffuse  double  layer,  a  com¬ 
parison  of  the  computed  ratios  indicated  that  the  sodium  modification 
was  the  more  dispersed  system,  calcium  and  magnesium  soils  more 
flocculated  systems  with  potassium  soil  being  inbetween  these  two 
types  of  systems . 
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7 .56  The  peak  cohesion  measured  in  the  CFS  test  was  considered 
to  be  a  measure  of  the  net  repulsive  forces  that  arise  due  to  the 
consolidation  pressure  and  was  considered  to  reflect  the  inertia 

of  the  system  to  imposed  shear  strain.  Mobilized  friction  was  felt 
to  be  a  manifestation  of  the  int erpar t ic le  interference  and  the  re¬ 
organization  of  electrostatic  forces. 

7.57  The  concept  of  frictional  resistance  being  a  combination 
of  int erpar t ic le  interference  and  reorganization  of  electrostatic 
forces  appeared  to  allow  a  continuity  of  strength  concepts  through 
"pure"  sands  to  "pure"  cohesive  soils. 

7.58  It  was  concluded  that  the  cohesion  and  friction  components 
were  so  closely  related  that  the  definition  of  two  separate  components 
was  unrealistic  from  a  practical  point  of  view.  However,  research 
based  on  shear  strength  component  separation  that  may  yield  a  clearer 
understanding  of  the  mechanisms  of  shearing  strength  in  cohesive 
soils  is  of  major  importance.  The  CFS  test  appears  to  be  an  ideal 
technique  for  this  purpose. 


CHAPTER  VIII 


CONCLUSIONS 


8.1  This  thesis  dealt  with  a  series  of  CFS  tests  on  remoulded, 

normally  consolidated  specimens  of  a  highly  plastic,  lacustrine  clay 
The  samples  tested  comprised  the  natural  soil  and  sodium,  potassium, 
magnesium  and  calcium  modifications.  From  the  test  results  and  con¬ 
clusions  presented  in  Chapters  VI  and  VII,  it  appears  that  the  con¬ 
clusions  presented  in  the  following  paragraphs  are  justified. 


8,2  For  the  soils  of  this  program,  cohesion  as  defined  by  the 

CFS  test  was  shown  to  be  a  function  of  consolidation  pressure  and 
appeared  to  be  unaffected  by  system  characteristics.  Cohesion  was 
also  shown  to  peak  at  relatively  low  axial  compressive  strains.  It 
is  postulated  that  the  peak  cohesion  is  a  measure  of  the  net  repulsive 
forces  that  arise  due  to  the  external  confining  pressure  and  that  it 
may  be  considered  to  reflect  the  inertia  of  the  system  to  imposed  shear 
strains . 


8.3  Mobilized  frictional  resistance  as  defined  by  the  CFS  test 

was  shown  to  reach  its  maximum  value  at  relatively  large  axial  com¬ 
pressive  strains  with  the  exception  of  the  sodium  modifications.  For 
the  soils  of  this  program  it  appeared  to  be  related  to  the  type  of 
cation  adsorbed  and  independent  of  the  consolidation  pressure.  It  is 
postulated  that  the  mobilized  frictional  resistance  of  a  given  soil  is 
a  manifestation  of  interparticle  interference  and  the  reorganization  of 
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electrostatic  forces. 


8.4  The  postulation  of  this  thesis  concerning  the  nature  of  the 

friction  component  appears  to  allow  a  continuity  of  strength  concepts 
through  "pure"  sands  to  "pure"  cohesive  soils.  It  is  suggested  that 
shear  resistance  grades  from  friction  and  dilatency  in  sands  to  inter¬ 
particle  forces  in  clays.  Soils  comprising  mixtures  of  sands  and  clays 
derive  their  shear  resistance  from  a  combination  of  interference  and 
interparticle  forces,  the  major  contribution  being  attributable  to  the 
soil  type  predominating. 


8,5 


The  average  maximum  angles  of  internal  friction  for  the  soil 


modifications  tested  are  presented  in  TABLE  VI , 1 .  The  high  angle  of 
internal  friction  of  the  potassium  modification  was  considered  to  be 
a  manifestation  of  large  contributions  from  both  interparticle  inter¬ 
ference  and  electrostatic  forces  that  resist  alteration.  The  lower 
angles  of  internal  friction  of  the  calcium,  magnesium  and  natural  soils 
were  thought  to  be  due  to  a  smaller  contribution  from  the  electro¬ 
static  forces.  The  extremely  low  angle  for  the  sodium  soil  was  felt 
to  be  primarily  the  result  of  movement  and  breaking  of  weak  electro¬ 
static  forces.  It  is  suggested  that  the  nature  of  the  frictional 
resistance  of  a  soil  is  primarily  determined  by  the  type  of  diffuse 
double  layers  present  and  that  the  diffuse  double  layers  are  thin  for 
high  angles  of  internal  friction  and  thick  for  low  angles. 


8.6  It  is  concluded  that  the  defined  cohesion  and  friction  com¬ 

ponents  are  so  closely  interrelated  that  the  definition  of  two  separate 
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components  is  unrealistic  from  a  practical  point  of  view.  It  is  thus 
suggested  that  simplest  and  most  practical  method  of  soil  strength 
presentation  is  in  the  form  of  a  plot  of  moisture  content  versus  the 
logarithm  of  compressive  strength.  However,  an  invaluable  insight 
into  the  shear  strength  of  cohesive  soils  can  be  gained  by  research 
utilizing  the  two  component  approach.  The  CFS  test  appears  to  yield 
mechanically  independent  strength  components  and  is  therefore  an 
excellent  research  technique. 

8.7  The  CFS  test  was  shown  to  yield  two  parallel  compressive 
strength  lines;  one  for  the  condition  of  normal  consolidation  and  one 
for  slight  over  consolidation.  It  is  proposed  that  this  separation 
is  due  to  structural  differences  in  the  two  states  of  consolidation 
and  also  due  to  the  resistance  of  the  soil  specimen  to  volume  increase 
under  stress  . 

8.8  The  numerical  value  of  the  ratio  of  void  ratio  after  con¬ 
solidation  to  percent  clay  sizes  was  considered  to  represent  the  number 
of  spaces  required  for  the  development  of  a  unit  double  layer .  A  com¬ 
parison  of  the  computed  ratios  taking  into  consideration  the  type  of 
adsorbed  cation  and  the  nature  of  its  diffuse  double  layer  lead  to 

the  postulate  that  the  sodium  modified  soil  of  this  program  is  the  more 
dispersed  system,  the  calcium  and  magnesium  soils  more  flocculated 
systems  with  the  potassium  soil  being  a  combination  of  these  two  types 
of  systems . 

8.9  Low  pore  pressure  reactions  without  back  pressure  are  con¬ 
sidered  to  be  primarily  caused  by  expansion  of  lines  and  the  pore 
pressure  measuring  system.  Additional  consolidation  initiated  by  the 
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increase  in  cell  pressure  is  considered  to  contribute  to  the  magnitude 
of  the  pore  pressure  reactions  of  the  more  permeable  soils  tested. 

8.10  Under  a  single  cell  pressure  increment,  burette  measurements 

of  the  volume  change  of  the  triaxial  specimens  are  considered  to  be 
too  large  due  to  expulsion  of  entrapped  air  and  extraneous  water. 


CHAPTER  IX 


RECOMMENDATIONS 

9.1  Arising  from  the  test  procedures  and  results  of  this  thesis 
the  following  recommendations  are  presented  for  future  work. 

9.2  It  is  recommended  that  research  be  performed  on  over  con¬ 
solidated  soils.  It  is  suggested  that  this  program  take  the  form  of 

a  number  of  CFS  tests  on  both  normally  and  over  consolidated  specimens 
of  a  given  soil  at  various  confining  pressures  and  over  consolidation 
rat ios  . 

9.3  It  was  indicated  in  Paragraph  6.10  that  the  peak  cohesion 
measured  in  the  CFS  test  may  be  a  function  of  the  plasticity  charac¬ 
teristics  of  the  soil.  It  was  postulated  that  the  mobilized  frictional 
resistance  of  a  given  soil  is  a  manifestation  of  interparticle  inter¬ 
ference  and  the  reorganization  of  electrostatic  forces.  The  contribu¬ 
tion  of  each  of  these  factors  to  frictional  resistance  of  a  given  soil 
was  considered  to  be  a  function  of  a  number  of  variables.  Definition 

of  these  variables  would,  in  turn,  determine  the  plasticity  characteristics 
of  the  soil  in  question.  It  is  recommended  that  effect  of  plasticity 
characteristics  on  cohesion  and  friction  be  investigated  by  a  series 
of  CFS  tests  on  soils  having  predetermined  quantities  of  clay  and  sand 
or  clay  and  silt.  Interesting  trends  in  specific  gravity,  the  Atterberg 
limits  and  consolidation  characteristics  would  also  be  revealed. 
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9.4  Combinations  of  clay  minerals  other  than  those  of  this  program 
(TABLE  III.l)  should  also  be  investigated.  This  program  may  consist  of 
CFS  tests  on  soils  having  similar  plasticity  characteristics  with  varying 
types  and  proportions  of  the  clay  minerals  and  adsorbed  cations  or  could, 
as  indicated  in  the  preceding  paragraph,  also  investigate  the  effect  of 
varying  plasticity. 

9.5  Pilot  model  tests  should  be  performed  prior  to  future  programs 
utilizing  the  CFS  test  as  technique  is  extremely  important. 

9.6  All  CFS  tests  should  be  performed  with  a  volume  change  in¬ 
dicator  in  the  pore  pressure  line  to  obviate  problems  involving  volume 
change  measurements  during  the  CFS  test. 

9.7  Volume  changes  during  triaxial  consolidation  as  measured  by 
a  burette  were  shown  to  be  in  error  (Paragraph  5.4).  Either  or  both 
of  the  following  corrective  measures  are  suggested: 

(a)  An  initial  consolidation  under  a  very  small  load,  for  example, 
0.05  kg/sq.cm.,  may  expell  any  excess  air  or  water  in  the  system. 

(b)  A  record  of  the  quantity  of  air  expelled  during  triaxial 
consolidation  should  be  made  and  applied  as  a  correction. 
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APPENDIX  A 


BACK  PRESSURE,  PORE  PRESSURE  REACTION 
AND  DETAILS  OF  THE  CFS  TRIAXIAL  TEST 

A.l  In  the  following  paragraphs,  specific  references  are  made  to 

pieces  of  apparatus;  for  example,  valve  2  or  screw  control  C.  The 
reader  is  directed  to  FIGURE  A.l,  Schematic  Diagram  of  Triaxial 
Apparatus  During  CFS  Test,for  clarification  of  these  references. 

Two  methods  of  test  were  used,  herein  referred  to  as  Method  1  and 
Method  2.  The  essential  difference  between  these  two  methods  was 
the  position  of  the  volume  change  indicator  in  the  layout  of  the 
triaxial  apparatus.  For  Method  1,  the  volume  change  indicator  was 
placed  in  the  cell  pressure  line  while  for  Method  2  it  was  placed  in 
the  pore  pressure  line.  Both  positions  are  indicated  in  FIGURE  A. 1. 
Method  1  was  used  for  the  first  12  tests  performed  and  Method  2  for 
the  remaining  5  tests. 

Back  Pressure  -  Method  1. 

A.  2  After  consolidation  had  taken  place,  the  triaxial  cell  was 

placed  in  the  loading  press  and  the  load  cell  set  in  position.  Up  to 

this  point,  pressure  was  maintained  in  the  triaxial  cell  by  means  of 
constant  pressure  cell  II.  The  same  pressure  was  put  into  the  volume 

change  indicator  using  constant  pressure  cell  I.  The  volume  change 

indicator  could  now  be  zeroed  or  set  at  any  desired  value  simply  by 
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FIGURE  A. I  SCHEMATIC  DIAGRAM  OF  TRIAXIAL  APPARATUS  DURING  CFS  TEST 


closing  valve  2  and  making  the  adjustments  using  screw  control  A.  Move¬ 
ment  of  water  as  a  result  of  this  adjustment  was  taken  up  by  constant 
pressure  cell  II.  At  this  point  the  volume  change  indicator  was  set  at  a 
high  positive  value.  Valves  2,  3  and  4  were  then  closed.  Valve  7  was 
closed  and  2  kg.  per  sq.  cm.  was  maintained  in  pressure  cell  III  until 
it  was  required.  The  pressure  on  the  mercury  column  at  this  point  is 
atmospheric.  Using  screw  control  A,  the  cell  pressure  was  increased 
by  2  kg.  per  sq.  cm.  while  the  pore  pressure  was  kept  nulled  (valve  5 
is  closed)  using  screw  control  C.  The  pore  pressure  and  back  pressure 
continued  to  build  up  at  a  decreasing  rate  with  time.  This  procedure 
is  essentially  a  pore  pressure  reaction  test  with  no  back  pressure. 

After  10  to  15  minutes,  during  which  time  the  pore  pressure  generally 
attained  0.75  to  1.5  kg.  per  sq.  cm.,  valves  5  and  7  were  opened.  As 
the  specimen  appeared  to  indicate  an  affinity  for  water,  the  pore 
pressure  was  set  slightly  above  2  kg.  per  sq.  cm..  The  specimen  was 
left  in  this  manner  over  night  and  equilibrium  was  reached  by  the 
following  morning.  Using  this  method,  no  measurement  of  the  quantity 
of  water  taken  in  by  the  specimen,  if  any,  could  be  made. 

A. 3  When  the  cell  pressure  was  increased  by  2  kg.  per  sq.  cm.,  the 

volume  change  indicator  showed  a  negative  quantity.  This  would  represent 
a  volume  increase  of  the  cell  and  lines,  a  volume  decrease  of  the 
sample,  dissolving  of  air,  a  leak  on  the  triaxial  cell  side  of  the 
volume  change  indicator  or  the  sum  of  any  or  all  of  these.  The 
immediate  total  change  was  in  the  order  of  9  to  16  c.c.  and  volume 
change  continued  to  occur  very  slowly. 

Back  Pressure  -  Method  2. 

A. 4 


Using  this  method,  the  need  for  screw  control  A  and  constant 


pressure  cell  I  was  eliminated.  The  volume  change  indicator  was  placed  in 
the  pore  pressure  line  as  shown  in  FIGURE  A.l.  The  cell  pressure  was  now 
increased  using  screw  control  B  and  maintained  by  constant  pressure  cell 
II  while  the  pore  pressure  build-up  with  time  was  measured  as  in  Method  1. 
As  before,  after  10  to  15  minutes,  the  pore  pressure  was  set  slightly 
above  2  kg.  per  sq.  cm.  and  the  sample  allowed  to  reach  equilibrium 
conditions  over  night.  It  was  found,  however,  that  the  specimen  intake 
of  water  because  of  back  pressuring  was  only  in  the  order  of  0.05  c.c. 
as  measured  by  the  volume  change  indicator.  Thus  the  volume  change 
measured  in  Method  1  was  probably  due  to  the  factors  mentioned, 
excluding  a  volume  decrease  of  the  specimen.  A  leak  in  the  system 
would  account  for  the  continued  slow  volume  change  measured  and  would 
also  account  for  the  need  to  set  the  pore  pressure  above  2  kg.  per 
sq.  cm.  The  latter  leak  was  found  to  be  through  screw  control  C. 

Pore  Pressure  Reaction 

A. 5  Prior  to  this  test,  valves  5  and  2  (Method  1)  or  4  (Method  2) 
were  closed  and  an  additional  1  kg.  per  sq.  cm.  placed  on  constant 
pressure  cell  I  (Method  1)  or  II  (Method  2).  The  cell  pressure  was 
quickly  increased  by  1  kg.  per  sq.  cm.  using  the  appropriate  screw 
control,  the  constant  pressure  cell  brought  in,  and  the  increase  in 
pore  pressure  with  time  measured  on  the  mercury  manometer  using  screw 
control  C  to  keep  the  null  indicator  balanced.  Readings  were  taken  at 
time  intervals  of  0.1,  0.5,  1,  2,  3,  4  and  5  minutes.  At  this  time, 
pore  pressure  had  generally  settled  down  and  indicated  an  80  to  100 
per  cent  reaction.  The  procedure  was  simply  reversed  and  readings  taken 
at  the  same  time  intervals  when  the  cell  pressure  was  dropped  to  its 
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original  value.  Data  sheets  illustrating  the  pore  pressure  reaction  test 
are  included  in  APPENDIX  C. 


The  CFS  Test 

A.  6  The  following  description  of  the  CFS  test  method  applies  directly 

to  the  tests  on  the  more  permeable  specimens  tested;  that  is,  the 
calcium,  magnesium  and  potassium  modifications  and  the  natural  soil.  A 
separate  paragraph  will  deal  with  the  CFS  tests  performed  on  the  sodium 
modifications . 


A.  7  The  test  was  started  as  a  normal  undrained  test  with  pore  pressure 

measurement  to  approximately  0.05%  strain.  This  was  done  to  insure  that 
the  piston  was  seated  and  to  adjust  the  strain  dial  accordingly. 


A. 8  Points  1  and  2  (FIGURE  A. 2)  were  obtained  on  the  high  G\  curve 

(approximately  100%  <3C  ).  This  wac  done  by  increasing  the  pore  pressure 


Deviator 

Stress 

0,  -  a, 

kg/sq.  cm. 


Axial  Compressive  Strain  Increasing  at 
Approximately  a  Constant  Rate. 


Deviator  Stress  versus  Axial  Compressive  Strain  for  the 
CFS  Test. 


Figure  A. 2 
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at  the  base  of  the  specimen  using  screw  control  C  with  null  indicator  valve 
5  open.  In  this  portion  of  the  deviator  stress  curve,  the  pore  pressure 
was  increased  to  approximately  1.  5  times  the  expected  required  value, 
held  there  for  about  12  minutes  and  then  nulled  and  measured  over  a 
period  of  8  to  10  minutes.  This  interval  was  usually  found  to  be 
sufficient  for  the  calcium,  magnesium  and  natural  specimens  while  the 
potassium  samples  generally  required  a  little  more  time  for  adjust¬ 
ment  and  equilization. 

A. 9  Point  3  was  then  obtained  on  the  low  a,  curve  (approximately 

807o  (j  )  by  increasing  the  pore  pressure  by  about  1.5  times  the 
difference  between  the  0(  values  selected  for  each  curve.  This  pressure 
was  maintained  for  a  period  of  time  ranging  from  3/4  to  1  1/2  hours. 
Periodic  checks  were  made  during  this  time  to  check  the  pore  pressure  and 
deviator  stress  attained.  When  it  appeared  that  the  specimen  was  on 
the  lower  o{  curve,  the  pore  pressure  was  nulled  and  measured  over  an 
interval  of  10  to  15  minutes.  If  the  point  determined  fell  on  the 
curve,  a  further  8  minutes  (.05%)  was  used  to  check  the  point,  and  this 
last  point  used  to  define  the  curve.  If  the  point  was  not  on  the 
desired  q  curve,  the  appropriate  changes  in  pore  pressure  were  made  and 
sufficient  time  allowed  for  the  sample  to  accomodate  the  change  before 
another  point  was  determined  using  the  null  method. 

A.  10  To  obtain  point  4,  the  pore  pressure  was  decreased  by  the  amount 
1.5  Au,  using  screw  control  C.  From  1  to  2  hours  was  generally  re¬ 
quired  for  a  "hop”  to  be  made  to  the  higher  constant  0\  curve.  The 
dashed  line  in  FIGURE  A. 1  indicates  the  path  followed  by  the  deviator 


stress  during  "hops".  When  the  pore  pressure  is  decreased,  the  deviator 
stress  immediately  falls  and  then  requires  a  length  of  time  dependent 
primarily  on  the  rate  of  strain,  and  the  magnitude  and  rate  of  volume 
change  to  build  up  again  to  a  value  consistent  with  the  new  pore 
pressure  and  desired  CJ(  ,  The  method  of  control  and  measurement  of 
pore  pressure  and  deviator  stress  was  similar  to  that  described  in  para¬ 
graph  A.  9. 

A. 11  This  method  of  "curve-hopping"  was  continued  to  approximately 
5.5  percent  axial  strain.  As  the  tests  were  started  at  about  0830  hours, 
this  percent  strain  was  attained  by  approximately  2300  hours  under  the 
rate  of  strain  employed  (1  %  per  155  minutes).  The  test  was  left  running 
through  the  night  and  "curve-hopping”  recommenced  at  about  0630  hours 
the  following  morning.  Approximately  3  percent  axial  strain  was  missed 
during  the  7  1/2  hour  period  over  night.  It  was  found  that  the  pore 
pressure  fell  during  the  night  if  the  manometer  was  left  at  the  final 
pore  pressure  value  measured.  This  fall  was  most  likely  due  to  leaks 
in  the  system  as  described  previously.  With  the  apparatus  used,  it 
was  found  necessary  to  increase  the  pore  pressure  by  approximately 
15%  of  the  final  reading  in  order  to  fall  on  the  same  o,  curve  in  the 
following  morning. 

A.  12  The  "hopping"  procedure  described  in  paragraph  A. 9  was  con¬ 
tinued  until  both  curves  had  passed  maximum  deviator  stress  and 
were  adequately  defined. 


A. 13 


Throughout  the  test  pore  pressure,  deviator  stress,  volume 
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change  and  time  readings  were  taken  and  calculations  for  a,  ,  a  and 
@  made  immediately.  ^-his  was  necessary  in  order  to  determine 
exactly  where  the  specimen  was  with  regard  to  the  desired  constant  a,  . 
Plots  of  pore  pressure,  deviator  stress,  volume  change,  minor  principal 
effective  stress  and  stress  ratio  versus  strain  were  kept  continuously 
to  insure  no  gross  errors  occurred. 

A. 14  After  approximately  2  percent  axial  strain,  the  volume  change 
versus  percent  strain  curves  became  quite  regular  and  predictable.  By 
knowing  quite  closely  what  volume  change  reading  to  expect  when  the 
specimen  is  on  the  desired  constant  curve,  the  technician  could  use 
this  as  a  guide  as  to  when  to  null  and  measure  the  pore  pressure. 


CFS  Test  On  Sodium  Modifications 

A. 15  Tests  on  the  relatively  impermeable  sodium  modifications  were 
started  in  the  same  manner  as  the  tests  previously  described.  The 
rate  of  strain,  however,  was  1  percent  axial  strain  per  1393  minutes, 
approximately  9  times  as  slow.  This  rate  of  strain  and  the  rate  of 
volume  change  of  the  sodium  specimens  generally  allowed  3  points  to  be 
determined  on  the  deviator  stress  versus  strain  curve  on  the  first  day 
and  one  to  three  points  on  each  succeeding  day.  As  failure  defined  as 
maximum  deviator  stress  normally  occurred  in  the  order  of  4  to  5 L  axial 
strain,  the  test  lasted  5  to  6  days.  Procedures  outlined  in  preceding 
paragraphs  are  generally  applicable  if  the  times  indicated  are  adjusted 
accordingly.  Measurement  of  pore  pressure  alone  which,  for  the 
relatively  permeable  specimens,  required  15  to  25  minutes,  now 
required  1  1/2  to  3  hours.  As  would  be  expected,  volume  changes  also 
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took  considerably  longer  to  occur. 


A. 16  At  the  end  of  the  test,  the  loading  press  was  shut  off  and 
valve  7  and  valve  2  (Method  1)  or  valve  4  (Method  2)  were  closed,  valve 
5  remaining  shut.  Cell  pressure,  by  means  of  screw  control  I  (Method  1) 
or  II  (Method  2)  was  backed  down  simultaneously  with  pore  pressure 
using  screw  control  C.  As  valve  7  was  closed,  back  pressure  fell  with 
the  pore  pressure.  Keeping  the  pore  pressure  nulled  to  prevent  any 
volume  change,  pore  pressure  was  brought  down  to  atmospheric  pressure. 
The  pore  pressure  line  was  disassembled  and  the  lead  to  the  sample 
immediately  plugged.  The  remainder  of  the  cell  pressure  was  taken 
off  the  sample  and  the  entire  apparatus  dismantled.  Factors  noted 
at  the  end  of  test  were:  angle  of  shear  plane,  if  visible,  wet 
weight.,  volume  by  mercury  immersion  and  final  moisture  content. 
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PLOTS  OF  DEVIATOR  STRESSES  vs 
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Final  Void  Ratio,  e^. 
Final  Porosity,  n, _ 


( •  Uoftb 


o-  u  vl 


Wt .  of  Water. 


'1^oyY\  W\  •  C  • 


Final  Degree  of  Saturation. 
Final  Wet  Wt .  lb/cu. ft _ 


\o i . q  g 


Final  Dry  Wt .  lb/cu. ft. 

Wet  wt..of  specimen  at  beginning  of  test  1  Z  1  '"IQ  gm . _ 

Wet  wt .  of  specimen  at  end  of  test _ 1  1  "1 ♦  (a^.  gm._ 

_ _ _ I  Ar-  l  O  gm._ 


Weight  loss 


Vol.  change  from  burette  rdg.  discrepancy  ,„\  L)  cc. _ Vol-  \kvc. 
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COMPOSITE  TEST  RESULTS 
ADVANCED  SOIL  MECHANICS  LABORATORY 
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